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Abstract 
Allylic trichloroacetimidates have been previously shown to be versatile substrates for 
the synthesis of C-N bonds through [3,3]-sigmatropic rearrangements. This work explores a 
similar reaction, the rearrangement of benzylic trichloroacetimidates to access benzylic 
trichloroacetamides. The benzylic rearrangement was shown to proceed under two different sets 
of conditions: thermal and Lewis-acid catalyzed (TMSOTf). The corresponding secondary 
benzylic trichloroacetamides were produced in good to high yields with either protocol. The 
convenience of having two protocols was demonstrated in the study as it allows for extensibility 
and flexibility of the substrate scope. The usefulness of the benzylic rearrangement of 
trichloroacetimidates was demonstrated in the synthesis of trichloroacetamide derivatives, such 
as the corresponding benzyl amine. A cationic pathway is proposed for this reaction based on the 
available data. 
The alkylation of many heteroatom nucleophiles with trichloroacetimidates has recently 
been demonstrated by the Chisholm group, proving that trichloroacetimidates are competent 
alkylating agents. This work has now been extended using benzylic trichloroacetimidates as 
electrophiles for the Friedel-Crafts alkylation reaction with indoles under Lewis acid catalysis. 
These reactions proceeded well even with electron-deficient benzyl structures. C3-
Monobenzylated indoles were produced in excellent yields with high regioselectivity, an 
important feature since a common challenge with indoles is polyalkylation. The development of 
this facile procedure to access C3-monoalkylated indoles facilitated the formation of several 
interesting indole frameworks, which are known to possess important medicinal and 
pharmacological properties. 
 
 
Studies towards the selective C3-alkylation of indoles showed that a small amount of the 
3,3’-indolenine was being formed as a competing side product. Progress towards an efficient 
protocol that takes advantage of the nucleophilicity of the C3 position of indoles to build a 
quaternary center directly with trichloroacetimidates has been discussed. The modular synthesis 
of indoles with different trichloroacetimidates was possible using Lewis acid-catalyzed 
conditions was also investigated. While there are reports on the electrophilic addition of 
electrophiles to indoles for the synthesis of 3,3’-indolenines, this method is differentiated 
because it does not use any transition-metal catalyst or strong base. Additionally, this 
methodology is envisioned to be applied in the synthesis of spirocycles from bis-
trichloroacetimidates, which are three-dimensional in structure and prominent in medicinal 
chemistry.
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Chapter 1 
Rearrangement of Benzylic Trichloroacetimidates 
to Benzylic Trichloroacetamides 
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Abstract 
 Trichloroacetimidates are often used to convert alcohols into amines. Overman’s [3,3]-
sigmatropic rearrangement of allylic trichloroacetimidates under thermal, acid or metal catalyzed 
conditions have been explored extensively. The corresponding rearrangement of benzylic 
trichloroacetimidates to the benzylic trichloroacetamides, on the other hand, has been less 
studied. Herein we report two different sets of conditions to facilitate this transformation: 
thermal and Lewis acid catalyzed. A wide range of benzylic trichloroacetimidates functioned 
well under both protocols, but the C-O to C-N exchange on benzylic systems works best with 
secondary trichloroacetimidates. The benzylic trichloroacetamide product can be readily 
transformed directly to the corresponding amine, carbamate, and urea. Mechanistic studies and 
analysis of the available data suggest that rearrangement proceeds via a cationic pathway. 
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1.1 Introduction 
Synthesis of Amines from Trichloroacetimidates 
Amines constitute an important class of compounds in chemistry, mainly due to their 
common presence in biologically active natural products, pharmaceuticals, agrochemicals, 
lubricants and surfactants.1, 2 Hence, the development of efficient methods for carbon-nitrogen 
bond construction is of great interest in organic chemistry. Several processes to prepare amines 
have been demonstrated, with many of them having alcohols as common precursors. Traditional 
approaches for the synthesis of amines include the Gabriel amine synthesis3, 4 and the Mitsunobu 
reaction.5-8 Modified Gabriel amine reagents use the N-Boc or N-Cbz ethyl oxamate 1.1, which 
can be alkylated with an alkyl halide under basic conditions resulting in intermediate 1.2 
(Scheme 1.1, eq. 1). Deprotection to form free amine 1.3 is achieved by treatment with lithium 
hydroxide (LiOH), and access to N-alkyl oxamate 1.4 was obtained by reaction with 
trifluoroacetic acid (TFA) to remove the Boc group or catalytic hydrogenation to remove the Cbz 
group. The Mitsunobu reaction with nitrogen nucleophiles, such as toluenesulfonamides (TsNH2) 
and trifluoroacetamides (CF3CONH2), is also known to afford amine derivatives. However, the 
harsh deprotection conditions usually required to form the final free amine in the deprotection 
step is a limitation in the preparation of amines (Scheme 1.1, eq. 2). These reaction sequences 
also require the use of large protecting groups which must then be removed, generating 
significant waste streams. 
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Scheme 1.1 Amine synthesis using a modified Gabriel3 and Mitsunobu reactions.8 
The above protocols have been largely studied and modified to increase efficiency but 
increasing environmental awareness has led chemists to re-examine other methods to minimize 
waste generation. Consequently, a new “borrowing hydrogen” methodology became popular as it 
allowed for a more sustainable production of amines, with only water being produced as a side 
product.9-15 The first step in this type of reaction involves the abstraction of a hydrogen atom by 
the corresponding catalyst from the unreactive starting alcohol 1.10 to form a carbonyl 
intermediate 1.11 (Scheme 1.2). Intermediate 1.12 is formed by reaction with an amine followed 
by reduction of the imine into the alkylated product 1.13. At the end of the mechanism, the 
borrowed hydrogen is returned to the final product, hence the reaction name. Different metals 
have been introduced as catalysts for this process, such as palladium,13 ruthenium,11, 12, 14 iron,15 
and manganese.10 While this method is very effective, it still requires a transition metal catalyst, 
which typically is expensive and air-sensitive.  
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Scheme 1.2 General mechanism for “borrowed hydrogen” reaction. 
 In a similar vein alcohols may be oxidized into aldehydes or ketones and then converted to 
amines utilizing reductive amination.16, 17 In this case the amine first condenses with the 
aldehyde or ketone substrate, and then a stoichiometric reducing agent is added to reduce the 
imine to a substituted amine. While this is commonly employed, it requires that the alcohol first 
be oxidized, then a stoichiometric desiccant is typically employed to form the imine, followed by 
a stoichiometric reducing agent to form the amine. This generates additional waste, making the 
process less attractive. Additionally the amines are typically then protected as they may be 
incompatible with common reagents that are used in complex molecule synthesis. 
1.1.1 Substitution Reactions of Imidates with Nitrogen Nucleophiles 
 The search for new strategies for carbon-nitrogen bond construction led researchers to 
explore the broad utility of trichloroacetimidates in the synthesis of complex protected amines 
from alcohols.  Cramer first reported the displacement of trichloroacetimidates in rearrangement 
studies of imidates to the corresponding acetamides.18, 19 Several substrates were shown to work 
well under the reaction conditions, and the reaction is believed to follow a mechanism that 
requires catalyst activation of the nitrogen on the imidate (Scheme 1.3). Once activated, the 
imidate is displaced resulting in the formation of an ion pair (carbocation 1.15 and an acetamide 
nucleophile 1.16), which then collapses to form the final rearranged product 1.17.  
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Scheme 1.3 Proposed displacement mechanism for rearrangement of imidates. 
Cramer’s contribution resulted in the continued development of reactions that utilize 
trichloroacetimidates as effective substrates in displacement reactions for the formation of new 
carbon-nitrogen bonds. The use of trichloroacetimidates for this type of chemistry offers many 
advantages over previous methods. Trichloroacetimidates are easy to prepare in high yields from 
inexpensive and readily available alcohols (typically the Pinner reaction between 
trichloroacetonitrile and an alcohol is employed in the presence of catalytic amounts of base) 
(Scheme 1.4). Strong amine bases, like 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), are 
ordinarily used for primary and secondary alcohols, whereas stronger bases, like potassium 
hydride (KH), facilitate preparation of imidates from tertiary alcohols.20 Another advantage to 
using trichloroacetimidates as electrophiles in displacement reactions is the added 
thermodynamic driving force provided by the formation of the trichloroacetamide side product, 
allowing for more mild reaction conditions. Additionally, the acetamide formed is far less acidic 
compared to the usual strong acidic byproduct produced in displacement reactions with alkyl 
halides and alcohols, for example, which results in the formation of H-X. This allows some 
imidates to be displaced under thermal conditions, and the products are not destroyed by the 
presence of the strong acid. In addition, the trichloroacetamide byproduct is easily removed 
during workup with aqueous 2M NaOH solution.21 These are just some of the many advantages 
of trichloroacetimidate substitutions; therefore their synthetic utility has been a topic of interest 
in organic synthesis, specifically in displacement reactions. 
7 
 
 
Scheme 1.4 Synthesis of trichloroacetimidates from alcohols. 
1.1.1A Lewis and Brønsted Acid Promoted Displacement Reactions 
A few displacement reactions for the formation of new carbon-nitrogen bonds utilizing 
trichloroacetimidates electrophiles and nitrogen nucleophiles have been reported that use 
Lewis22-27 and Brønsted acids.28, 29 The tert-butyl trichloroacetimidate 1.21 has been reacted 
occasionally with anilines using boron trifluoride diethyl etherate (BF3•OEt2) as the catalyst, like 
in the preparation of spirodienone where intermediate 1.22 was formed (Scheme 1.5, eq. 1).23 
Cran’s group later reported a general protocol for a similar transformation between anilines and 
tert-butyl trichloroacetimidate 1.21 under milder Lewis acid catalyzed conditions with overall 
improved yields. In this reaction, copper(II) trifluoromethanesulfonate (Cu(OTf)2) initially 
coordinates to the imidate and catalyzes its decomposition, facilitating the alkylation of aniline 
1.24 (Scheme 1.5, eq. 2).27  
 
Scheme 1.5 Lewis acid catalyzed displacement reactions of trichloroacetimidates. 
Strategies utilizing Brønsted acid catalyzed conditions have also been explored. 
Piemontesi’s28 elegant one-pot synthesis of 3,3-disubstituted oxindoles involved the formation of 
a trichloroacetimidate intermediate 1.26, followed by a diphenyl phosphate ((PhO)2PO2H) 
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catalyzed nucleophilic substitution reaction with aniline 1.23 (Scheme 1.6, eq. 1). The scope of 
nitrogen nucleophiles in this work was limited, but it opened the doors for alkylations under 
Brønsted acid catalyzed conditions. More recently, the Chisholm29 group demonstrated a single 
flask protocol with the formation of the imidate electrophile in situ and direct nitrogen alkylation 
of anilines (Scheme 1.5, eq. 2). Only a catalytic amount of camphorsulfonic acid (CSA) was 
required to facilitate the addition, and the reaction proceeded under mild conditions. This work 
expanded the scope of the alkylation of aromatic amines with a number of anilines and imidates 
being compatible with the methodology. 
 
Scheme 1.6 Brønsted acid catalyzed displacement reactions. 
1.1.1B Transition Metal Catalyzed Displacements 
 Transition metal catalysts have also facilitated trichloroacetimidate displacement 
reactions.30 Rhodium-catalyzed aminations involving trichloroacetimidate electrophiles and 
aniline nucleophiles have been extensively studied for this purpose. Regioselective alkylation of 
a variety of anilines with secondary allyl trichloroacetimidates was a significant development by 
Nguyen’s group as the formation of the linear side product 1.33 was very minor (Scheme 1.7). 
Anilines are known to add poorly to palladium -allyl complexes, but rhodium complexes 
provide an excellent alternative to these methods.31 
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Scheme 1.7 Rh-catalyzed amination of secondary allyl imidate. 
 Continuous improvements to the Rh-catalyzed substitution have been made to expand the 
scope of reaction products that may be accessed. Application of α-substituted and tertiary allyl 
trichloroacetimidates to Rh-catalyzed substitution reactions have been shown to give high 
regioselectivity and enantioselectivity. Asymmetric amination was accomplished by taking 
advantage of a dynamic kinetic asymmetric transformation (DYKAT) process,32-34 which led 
Nguyen and Arnold to determine that the transformation was achieved best when the rhodium(I) 
catalyst was ligated to chiral Hayashi ligand 1.34 (Figure 1.1).  
 
Figure 1.1 Hayashi ligand. 
 More recently, Nguyen has demonstrated the advantages of the DYKAT process in 
asymmetric aminations of challenging anilines like 1.36 (Scheme 1.8), followed by an interesting 
intramolecular alkene hydroacylation reaction, which resulted in the synthesis of a seven-
membered nitrogen-containing ring 1.39.35 Aniline 1.36 is known to be a problematic molecule 
due to the competing decarbonylation that is commonly observed in the presence of rhodium(I), 
but the application of the DYKAT methodology, in this case, allowed for the successful 
formation of the product 1.38 with no decarbonylation and a broad substrate scope. 
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Scheme 1.8 Rh-catalyzed DYKAT amination and intramolecular hydroacylation. 
 The synthetic usefulness of the rhodium-catalyzed method has been demonstrated a few 
times, like in the preparation of indole 1.43 (Scheme 1.9, eq. 1).36 Tertiary allyl imidate 1.40 was 
submitted to amination conditions to form allylarylamine intermediate 1.42. This was notable as 
the alkylation of the imidate formed an amine at a highly substituted carbon center. Subsequent 
cyclization under copper conditions resulted in the reverse prenylated indole 1.43 with a high 
yield of 90%. Another example of the application of rhodium-catalyzed conditions was shown in 
the synthesis of enantioenriched targets like N-methylhomophenylalanine derivatives 1.46 and 
1.47, which are found in antillatoxin B, an activator of sodium ion channels (Scheme 1.9, eq. 
2).32, 35 This example shows that anilines in amination reactions can behave not only as 
nucleophiles, but they can also be used as masking groups. 
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Scheme 1.9 Synthetic applications to Rh-catalyzed displacements. 
1.1.2 Rearrangement of Imidates to Access Allylic Amines 
1.1.2A Thermal Rearrangements 
 The creation of new carbon-heteroatom bonds in organic molecules is an important 
synthetic area of research in organic chemistry. Mumm and Moller37, 38 were the first ones to 
report a thermal [3,3]-sigmatropic rearrangement of allyl trichloroacetimidates to the 
corresponding allyl trichloroacetamides, but it was Overman38 who popularized and expanded 
the broad utility of allyl trichloroacetimidates to form new carbon-nitrogen bonds using Claisen-
type imidate rearrangements. His work is significant as it gives access to new protected allylic 
amines from inexpensive and readily available allylic alcohols.38, 39 Under simple thermal 
conditions (typically m-xylene, 140 oC), Overman’s allylic rearrangement is believed to follow a 
concerted [3,3]-sigmatropic mechanistic pathway (Scheme 1.10). The complete transfer of 
chirality, which is observed in many thermal rearrangement products, is typical of the suprafacial 
[3,3]-sigmatropic process.  
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Scheme 1.10 Proposed mechanism for thermal rearrangement. 
 Extensive studies have shown that the thermal rearrangement works best with nonpolar 
solvents and when the rearrangement is carried out at reflux. A wide variety of allylic alcohols, 
both cyclic and acyclic, work well with the [3,3] rearrangement reaction (Scheme 1.11), but 
tertiary alcohols tend to rearrange faster than primary ones.40-42 This is attributed to the 
stabilization of the positive charge formed at the carbon containing the imidate oxygen during 
the mechanism.  
 
Scheme 1.11 Selected substrate scope examples. 
 While primary alcohols tend to be very robust under these conditions, tertiary alcohols 
tend to be more susceptible to form alternative acid-catalyzed ionization products. This 
unwanted acid-catalyzed decomposition of the trichloroacetimidate can be problematic, but this 
is usually seen only with challenging substrates and/or ones that can form a very stable allylic 
cation. To overcome this issue, a very small amount of potassium carbonate (K2CO3) is often 
13 
 
added to the reaction. K2CO3 acts as a scavenger of acidic impurities, which in turn resulted in 
dramatic yield improvement (Scheme 1.12).43  
 
Scheme 1.12 Rearrangement of challenging substrate with K2CO3. 
1.1.2B Transition Metal Catalyzed Imidate Rearrangements 
 Later, Overman described the first transition metal-catalyzed rearrangement of allylic 
imidates in the presence of catalytic amounts of mercury(II) salts,44, 45 with the efficient 
formation of the acetamide product 1.61 at lower temperatures (Scheme 1.13). Mechanistically, 
this transformation is believed to have two steps, first proceeding to a mercurinium ion 
intermediate 1.60 after transition metal facilitated addition to the olefin, followed by subsequent 
rearrangement to the acetamide 1.61.  
 
Scheme 1.13 Proposed mechanism for metal-catalyzed rearrangement. 
 Although mercury was first used in metal-catalyzed rearrangements, these catalysts have 
fallen into disfavor because of their toxic properties. Hence, palladium emerged as the preferred 
metal catalyst due to its decreased toxicity and faster reaction rates.46 The scope of the metal-
catalyzed [3,3]-sigmatropic rearrangement is more limited compared to the thermal. Primary and 
secondary trichloroacetimidates perform well, but restrictions on the functionalization of the 
allylic trichloroacetimidate are common, with more highly substituted systems being resistant to 
metal catalysis. For example, the ribose-derived primary allylic imidate 1.62 undergoes 
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successful rearrangement under thermal conditions (xylene at 137 oC in the presence of 2% 
di(tert-butyl)-para-cresol) with 84% yield, but in the presence of a metal catalyst 
(PdCl2(MeCN)2 or Hg(O2CCF3)2), no desired product 1.63 is formed (Scheme 1.14).
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Scheme 1.14 Highly functionalized imidate rearrangement under different conditions. 
 Limitations on the scope of the reaction did not deter researchers from further exploring 
the use of palladium to catalyze imidate rearrangements. This is because palladium opened the 
doors to asymmetric rearrangement reactions with allylic trichloroacetimidates, a feature which 
was initially believed not possible. The difficulties posed with this type of reaction mainly 
involve the strong complexation of the nitrogen from the imidate to the palladium center, 
resulting in competing elimination products. To overcome this issue, Overman used N-
arylimidates,48-50 like 1.64, to decrease the effects of the competing reaction in combination with 
variations of the ferrocenyl oxazoline catalyst 1.65 (Scheme 1.15).51 The rearrangement of (Z)-
allylic N-benzimidates 1.64 produced a good yield and high enantioselectivities (>90%ee), but 
the formation of the desired enantioenriched amine product 1.66 was difficult. Oxidative 
cleavage52 of the methoxyphenyl group with ceric ammonium nitrate (CAN) or 
AgNO3/(NH4)S2O8 only resulted in less than 30% yield of the dearylated amide. Removal of the 
benzoyl group was also inefficient with acidic, basic or reducing conditions. The difficult 
removal of these aromatic groups is reported to be the result of the crowded steric environment 
of 1.66.53 
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Scheme 1.15 Asymmetric Pd-catalyzed rearrangement of allylic N-aryl imidate with ferrocenyl 
oxazoline catalyst 1.65. 
 Further catalyst development led to the discovery of cobalt oxazoline palladium (COP-
Cl) complex 1.68 as an efficient catalyst for asymmetric allyl imidate rearrangements (Scheme 
1.16).39, 54 The [3,3]-sigmatropic rearrangement of trans allyl imidate 1.67 to the corresponding 
acetamide product 1.69 was achieved with high yields and high enantioselectivity. Easy access to 
the desired enantioenriched amine product was now possible due to the facile removal of the 
trichloroacetyl group. This method, however, is limited to substrates containing trans 1,2-
disubstituted double bonds, with analogous cis substrates rearranging at very slow rates and 
producing lower yields.  
 
Scheme 1.16 Asymmetric COP-Cl 1.68 catalyzed rearrangement of allylic imidates. 
The great significance of Overman’s [3,3]-sigmatropic rearrangement of allyl 
trichloroacetimidates lies in the amine products derived from the allylic trichloroacetamides. The 
trichloroacetyl group can be removed under acidic, basic or reducing conditions.44, 45 The 
synthetic application of this method was proved in the effective enantioselective synthesis of (S)-
vigabatrin (GABA) 1.72, an aminotransaminase inhibitor (Scheme 1.17).54, 55 First, COP-Cl 
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catalyst 1.68 was used in the rearrangement of allylic imidate 1.70 to the corresponding allylic 
acetamide 1.71 with good yield and excellent enantioselectivity. Acid deprotection of the 
trichloroacetyl group afforded the free amine 1.72. The alkene can also be oxidized to a 
carboxylic acid, providing a means to access unnatural amino acids in high yields and high 
enantioselectivity. 
 
Scheme 1.17 Synthetic application of metal-catalyzed rearrangement. 
 Since the initial discovery of palladium(II) as an efficient metal catalyst, a wide variety of 
Pd(II)-complexes have been created and evaluated as catalysts in the rearrangement of allylic 
trichloroacetimidates. Though efficient, these catalysts tend to be air- and moisture-sensitive. 
Recently, Overman developed the synthesis of a new group of enantioselective palladacyclic 
imidazoline-naphthalene complexes (PIN-acac) 1.74 that are moisture resistant (Scheme 1.18).56 
Evaluation of the effectiveness of this catalyst towards enantioselective [3,3]-sigmatropic 
rearrangement of (E)-allylic imidate 1.73 showed very low conversion to the desired 
trichloroacetamide product 1.75 (Scheme 1.18, eq. 1). No enantioselectivity was observed either 
as the rearranged product was racemic. The usefulness of this catalyst was proved in the 
enantioselective allylic substitution reaction of allyl trichloroacetimidates with carboxylic acids 
to form the corresponding branched ester product 1.77 in excellent yield, but still limited 
enantioselectivity (Scheme 1.18, eq. 2). Although the PIN-acac palladium catalyst 1.74 was 
unsuccessful in catalyzing the enantioselective [3,3]-sigmatropic rearrangement of allyl 
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trichloroacetimidates, it is a promising structure for future asymmetric catalysis studies due to its 
easy accessibility and air resistant characteristic. 
 
Scheme 1.18 Catalytic performance of PIN catalyst 1.74. 
1.1.3 [1,3]-Rearrangements of Trichloroacetimidates 
The [3,3]-sigmatropic allylic trichloroacetimidate rearrangement has been extensively 
studied by Overman and other groups;38, 39 however, the [1,3]-rearrangement has been less 
explored. A few examples of benzylic systems undergoing this type of rearrangement have been 
previously reported by Cramer,18, 19 but low yields were observed in the presence of BF3•OEt2. 
These benzylic rearrangements are valuable as the resulting benzylic trichloroacetamide could 
provide rapid entry into the corresponding benzylic amines.  
Schmidt and co-workers demonstrated that glycosidic trichloroacetimidates could 
undergo a [1,3]-rearrangement to the corresponding trichloroacetamide.57 This was observed 
initially as an undesired outcome, but was later recognized as a way to access glycosidic amines. 
Due to the importance of glycosidic bond formation in carbohydrate chemistry, improvements 
have been made in this area and reported by different groups.58-60 During the course of the 
development of glycosyl imidate rearrangements, Motawia and co-workers reported a mild acid-
catalyzed rearrangement of trichloroacetimidates into the corresponding N-protected-
glycosylamines (Scheme 1.19).61 The Lewis acid used in their work was the trimethylsilyl 
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trifluoromethanesulfonate (TMSOTf), and removal of the trichloroacetyl group was achieved 
under reducing conditions. While good yields were observed, a mixture of α and β anomers were 
observed in most cases. For example, glucopyranosyl trichloroacetimidate 1.78 was initially 
rearranged to the trichloroacetamide and the pure α anomer was obtained, but reductive removal 
of the trichloroacetyl group resulted in mutarotation of the anomeric center and a 1:1 mixture of 
the α and β anomers 1.80 was observed as a result.  
 
Scheme 1.19 Acid-catalyzed rearrangement of glycosyl trichloroacetimidates. 
 Another novel method for the [1,3]-rearrangement of glycosidic trichloroacetimidates 
was developed by Nguyen’s group, which explored transition metal catalysis for the 
transformation (Scheme 1.20).62, 63 They demonstrated the versatility of their nickel-catalyzed 
protocol towards the stereoselective synthesis of α-glycosyl ureas. The rearranged α-glycosyl 
imidate 1.81 converted into an α-glycosyl urea 1.83 in the presence of amine nucleophiles.  
 
Scheme 1.20 Synthesis of α-glycosyl ureas. 
Additional specialized trichloroacetimidate systems, like α-methylene-β-
trichloroacetimidate alkanoates,64-68 α-diazo-β-trichloroacetimidate carbonyl compounds,69-71 and 
"doubly activated" imidates, being both benzylic and propargylic, have also been shown to 
produce rapid and facile [1,3]-rearrangement to the corresponding trichloroacetamide.72 
Interestingly, Jørgensen and co-workers68 have demonstrated the first asymmetric 
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organocatalyzed [1,3]-sigmatropic rearrangement of trichloroacetimidates to trichloroacetamides 
using cinchona alkaloids like 1.86 (Scheme 1.21). These are attractive transformations as they 
produce enantioenriched nitrogen protected β-amino acid derivatives like 1.85 from racemic 
starting materials.  
 
Scheme 1.21 Asymmetric organocatalyzed [1,3]-sigmatropic rearrangements. 
Mechanistically, this organocatalyzed process is believed to proceed via an SN2’ 
mechanism (Scheme 1.22). The nucleophilic catalyst adds to the terminal alkene causing the 
release of the trichloroacetimidate. An ion pair intermediate 1.88 is formed, followed by an SN2’ 
nucleophilic attack of the acetamide nitrogen on the alkene with the catalyst being released 
leading to product. The complete [1,3] regioselectivity of this reaction is due to the covalently 
bound catalyst precluding the Overman rearrangement.  
 
Scheme 1.22 Proposed SN2’ mechanism for the organocatalyzed [1,3]-rearrangement. 
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1.2 Results and Discussion 
1.2.1 Optimization of Benzylic Rearrangement Conditions 
Previous studies in the Chisholm group exploring the displacement of 
trichloroacetimidates with nucleophiles without the presence of an exogenous catalyst led to the 
observation that occasionally a trichloroacetamide side product was observed.21, 73-76 This 
rearrangement often occurred on the improper storage of the diphenylmethyl imidate (DPM) 
1.90 and, upon further investigation, it was demonstrated that heating trichloroacetimidate 1.90 
in toluene at reflux led to the trichloroacetamide product 1.91 in a promising 46% yield (Scheme 
1.23). Encouraged by this result and by the interest in utilizing the rearranged acetamide in the 
synthesis of protected benzylic amines, a study towards a general protocol that results in high 
efficiency initiated.   
 
Scheme 1.23 Rearrangement of DPM trichloroacetimidate 1.90. 
 
Research into this transformation began by optimizing conditions for the rearrangement 
of racemic phenethyl trichloroacetimidate 1.92 to the corresponding trichloroacetamide 1.93 
(Table 1.1). Although the rearrangement was initially observed in the DPM system, it was not an 
ideal substrate for optimization because of two possible complications. First, it is a precursor to a 
stable diphenyl methyl cation and if an SN1 mechanism is imperative for this reaction to occur, it 
could limit the substrate scope. Second, elimination may be a competing reaction in other 
substrates, and the DPM imidate cannot undergo elimination. Elimination reactions of benzylic 
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imidates have been reported previously in the literature.72 Therefore, the secondary benzylic 
imidate 1.92 was chosen for optimization since it can undergo elimination and its corresponding 
cation is not as stabilized.  
Thermal conditions were first explored with different solvents and without the use of an 
added catalyst (Table 1.1). Nonpolar solvents like toluene and m-xylene resulted in 
decomposition of the starting material after heating the reaction overnight (Table 1.1, entries 1 
and 2). Polar solvents like 2-methyl-2-butanol failed to produce the desired product and the 
imidate starting material was recovered unchanged (Table 1.1, entry 3). Slightly better results 
were observed with 1,4-dioxane and propionitrile solvents, with trace amounts of the styrene 
(from the competing elimination side reaction) being formed (Table 1.1, entries 4 and 5). 
Nitromethane was then tested since it has previously shown to enhance the reactivity of tert-
butyl trichloroacetimidate in alkylation reactions with anilines.27 It is also believed to be a good 
solvent as it aids in the stabilization of carbocations, and therefore may improve the yield should 
the formation of a carbocation be rate determining. A significantly improved transformation of 
the imidate 1.92 into the acetamide 1.93 was achieved when nitromethane was used as solvent 
with an isolated product yield of 80% (Table 1.1, entry 6).  
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Table 1.1 Optimization of the rearrangement of imidate 1.92 to acetamide 1.93 
 
entry reaction conditions NMR yielda (%) Yield (%) 
1 toluene, reflux, 22 h 4 - 
2 m-xylene, reflux, 16 h 0b - 
3 2-Me-2-butanol,reflux, 22 h 0c - 
4 1,4-dioxane, reflux, 16 h 18d - 
5 EtCN, reflux, 24 h 4d - 
6 MeNO2, reflux, 22 h 80 80 
7 10 mol % (PhO)2PO2H, MeNO2, rt, 27 h 10 - 
8 10 mol % CSA, MeNO2, rt, 27 h 20 - 
9 10 mol % TfOH, MeNO2, rt, 10 min 85 80 
10 10 mol % CuBr2, MeNO2, rt, 20 h 55 - 
11 10 mol % CuCl2, MeNO2, rt, 20 h 74 - 
12 10 mol % ZnCl2, MeNO2, rt, 1 h 90 - 
13 10 mol % FeCl3, MeNO2, rt, 10 min 93 88 
14 10 mol % BF3•OEt2, MeNO2, rt, 10 min 91 90 
15 1 mol % BF3•OEt2, MeNO2, 0 °C, 10 min 94 94 
16 1 mol % FeCl3, MeNO2, 0 °C-rt, 40 h 25 - 
aDetermined by 1H NMR using mesitylene as an internal standard. bStarting material decomposed. cStarting material 
was recovered. dTrace amounts of styrene were detected in the 1H NMR. 
 
Although good results were obtained with nitromethane and simple heating, the long 
reaction time of 16-24 hours was a drawback to the thermal reaction conditions. Given this 
limitation, Brønsted and Lewis acid catalysts were screened at room temperature to increase the 
rate of the rearrangement. While mild Brønsted acids resulted in low yield and long reaction 
times to achieve completion, stronger acids like triflic acid provided efficient transformation in 
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only 10 minutes with an excellent isolated yield of 80% (Table 1.1, entries 7-9). In this case, the 
strong nature of the Brønsted acid could limit functional group compatibility, so attention was 
then turned to Lewis acids as possible catalysts for the rearrangement reaction. Similar to the 
previous results, mild Lewis acids like copper(II) bromide and copper(II) chloride (CuBr2 and 
CuCl2, respectively) resulted in low yields and long reaction times (Table 1.1, entries 10 and 11). 
Conversely, stronger Lewis acids like zinc chloride, iron(III) chloride, and boron trifluoride 
diethyl etherate (ZnCl2, FeCl3, and BF3•OEt2, respectively) led to rapid rearrangement of the 
imidate 1.92 to the acetamide 1.93, providing high yields for all cases (Table 1.1, entries 12-14). 
When the catalyst loading was reduced to 1 mol% for both the BF3•OEt2 and FeCl3 acids (Table 
1.1, entries 15 and 16), a dramatic difference between them was revealed as FeCl3 now required 
40 hours to achieve reaction completion compared to the still efficient BF3•OEt2. Overall, the 
optimization for the rearrangement reaction led to two sets of conditions to use for further 
studies, the catalyst-free thermal transformation with nitromethane as the solvent (Table 1.1, 
entry 6) and the fast BF3•OEt2 catalyzed condition (Table 1.1, entry 15). One advantage of 
having two protocols is the extensibility and flexibility of the substrate scope as different 
imidates tend to have different reactivity and some substrates may not be compatible with both 
sets of conditions. 
1.2.2 Scope of Imidate Rearrangement in Simple Benzylic Systems 
With two set of conditions for the rearrangement of trichloroacetimidates in hand, the 
focus shifted to testing the scope of the reaction with various imidates (Table 1.2). It was 
observed that benzylic systems containing electron-donating groups performed best under both 
protocols with yields ranging from 75%-87% (Table 1.2, entries 2-4). The addition of weak 
deactivating groups like chloride resulted in a more moderate yield of about 70% (Table 1.2, 
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entry 5). The presence of a strong deactivating group, like the nitro substituent, completely 
stopped the reaction under the thermal condition and only gave 32% of the desired product 1.105 
under more vigorous Lewis acid-catalyzed conditions (10 mol % BF3•OEt2, nitromethane, reflux, 
24 h). Sterics also appeared to play a role as the placement of a methyl or a halogen at the ortho 
position of the aromatic ring resulted in lower isolated yields (Table 1.2, entries 7-9). The 
advantages of having two sets of conditions became clear when the benzene ring was replaced 
with a heterocycle-like indole. While the imidate 1.112 was successfully converted into the 
acetamide 1.113 under Lewis acid catalyzed conditions, it completely decomposed under thermal 
conditions (Table 1.2, entry 10). The reactivity of primary benzylic imidates 1.114, 1.116, and 
1.118 was also evaluated, and very poor yields were achieved with these rearrangement 
substrates compared to the equivalent secondary substrates independent of the substituent placed 
on the aromatic ring (Table 1.2, entries 11-13). This is notable as the lower yields are believed to 
be attributed to the decreased stability of the corresponding cation, and provides evidence that a 
cationic mechanism is operative in these reactions.  
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Table 1.2 Rearrangement of simple benzylic trichloroacetimidates 
 
entry imidate acetamide yielda yieldb 
1 
  
80 94 
2 
  
75 87 
3 
  
82 80 
4 
  
80 84 
5 
  
72c 67d 
6 
  
0 0 (32e) 
7 
  
56 85 
8 
  
55c 59f 
9 
  
73 62 
10 
  
0g 72 
11 
  
25 15 
12 
  
47 13 
13 
  
0 0 
aIsolated yield (%) from thermal conditions (nitromethane, reflux, 24 h). bIsolated yield 
(%) from Lewis acid catalyzed conditions (1 mol% BF3•OEt2, nitromethane, 0 
oC, 10 min). 
cReaction was performed for 72 h. dReaction was performed for 24 h at r.t. e10 mol% 
BF3•OEt2, nitromethane, reflux, 24 h. 
fReaction was performed for 1 h at r.t. gStarting 
material decomposed. 
 
1.2.3 Scope of Imidate Rearrangement of Complex Benzylic Systems 
With the success of secondary benzylic trichloroacetimidates in the rearrangement, a 
study was initiated to investigate the scope in more complex benzylic systems (Table 1.3). The 
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addition of bulkier groups at the benzylic position resulted in very moderate to low yields, which 
was attributed to steric effects (Table 1.3, entries 1 and 2). The alkyl chain was tethered to the 
benzene ring to test this supposition as seen in the case of imidates 1.124 and 1.126, which were 
then found to be competent substrates for the rearrangement to the corresponding acetamides 
1.125 and 1.127 (Table 1.3, entries 4 and 5). Subsequent studies on DPM systems (Table 1.3, 
entries 5-7) showed the acetamide desired product being formed in an excellent yield of 80%-
83% for the DPM imidate itself 1.90. Similar to previous observations, the incorporation of a 
methoxy substituent at the ortho position of one of the aromatic rings decreased the isolated 
yield. Surprisingly, the addition of a strong electron-withdrawing group at the 4-position of DPM 
imidate 1.130 results in facile conversion to the acetamide 1.131 with high yields of 74%-88% 
when subjected to both sets of conditions. This seems to indicate that resonance effects 
combined with the inability to eliminate outweigh the electronic effects of the nitro group. 
Alternatively the nitrophenyl group may adopt an orthogonal geometry to the cation, minimizing 
the effects of the nitro group in this system and allowing the rearrangement to occur. Next the 
effects of tertiary substrates were investigated, with tert-butyl imidate 1.21 being found to be 
completely unreactive, even with the application of more vigorous conditions (Table 1.3, entry 
8). To avoid a biased result, since imidate 1.21 is known to have a high tendency to eliminate,27 a 
tertiary imidate that cannot eliminate was also tested.28 In this case, transformation of imidate 
1.133 to the acetamide 1.134 was well tolerated under the thermal condition with an isolated 
yield of 53% (Table 1.3, entry 9). Only decomposed starting material was observed with the 
Lewis acid catalyzed conditions. 
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Table 1.3 Rearrangement of complex benzylic trichloroacetimidates 
 
entry imidate acetamide yielda yieldb 
1 
  
63 56 
2 
  
16 41 
3 
  
72 74 
4 
  
60 70 
5 
  
80 83 
6 
  
50 67 
7 
  
74 88 
8   
trace 8c 
9 
  
53 0 
10 
  
42d 67e 
11 
  
0 29f 
12 
  
0 0 
aIsolated yield (%) from thermal conditions (nitromethane, reflux, 24 h). bIsolated yield 
(%) from Lewis acid catalyzed conditions (1 mol % BF3•OEt2, nitromethane, 0 °C 10 
min). c10 mol % BF3•OEt2, nitromethane, reflux, 24 h. dIsolated as a 44:54 (α:β mixture 
of anomers. eIsolated as a 58:42 (α:β mixture of anomers. f10 mol % BF3•OEt2, 
nitromethane, reflux, 48 h. 
 
Complex substrates containing a heteroatom next to the site of the imidate rearrangement 
were investigated as well. Since glycosidic trichloroacetimidates have been previously shown to 
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undergo similar rearrangements,64 the protected glucose with an anomeric imidate 1.78 was 
chosen for incorporation of an oxygen atom next to the site of rearrangement (Table 1.3, entry 
10). The successful rearrangement was observed under both protocols, but no preference to a 
specific anomer was detected as a α:β mixture of both anomers was obtained. The 
phthalimidomethyl trichloroacetimidate 1.135 was also studied since it contains a nitrogen atom 
close to the rearrangement site (Table 1.3, entry 11). Unfortunately, no conversion to the desired 
product 1.136 was observed under thermal conditions and only a poor isolated yield of 29% was 
obtained after treatment with the Lewis acid under modified conditions (10 mol% BF3•OEt2 at 
reflux for 48 hours). Although disappointing, these results are comparable to yields acquired for 
other primary trichloroacetimidates. The possibility of using nitrogen-containing structures with 
more highly substituted rearrangement sites was taken into consideration, but previous studies 
have shown these structures to be highly unstable, having to be prepared in situ and used 
immediately.77 Hence, no further effort was taken towards learning more about these systems. 
The rearrangement of ethyl trichloroacetimidate 1.137 only formed the acetamide 1.138 in trace 
amounts (Table 1.3, entry 13) and this observation completed our studies on the scope of the 
imidate rearrangement reaction. 
1.2.4 Mechanistic Discussions  
 Considering all the above results, the mechanism for the rearrangement of benzylic 
trichloroacetimidates was next investigated. Two possible mechanisms seem reasonable at this 
point (Scheme 1.24): a concerted bimolecular pathway (path A) and an ionization recombination 
pathway (path B).  
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Scheme 1.24 Proposed mechanisms for the rearrangement. 
 
 To provide further evidence for the operative mechanism in this transformation, chiral 
phenethyl trichloroacetimidate (S)-1.144 was subjected to both sets of reaction conditions 
resulting in isolated yields of about 80% (Scheme 1.25). Analysis of products 1.45 under both 
thermal and acid-catalyzed conditions using chiral HPLC showed that the product was mainly 
racemic. The small deviation of < 10% ee can be explained by the memory of chirality from ion 
pair interactions resisting the forces of racemization.78 This result in combination with the 
observed substrate scope and solvent preference suggests that a cationic mechanism, path B, is 
favored. 
 
Scheme 1.25 Benzylic trichloroacetimidate rearrangement of chiral (S)-1.144. 
 
1.2.5 Further Transformations of Benzylic Trichloroacetamide 
 The benzylic trichloroacetamide was then transformed successfully into the 
corresponding benzylic amine, carbamate, and urea derivatives (Scheme 1.26), proving the 
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extended usefulness of the rearrangement transformation. Deprotection of the acetamide 1.97 
under basic conditions gave the corresponding amine 1.146 with 58% yield.79 Treating the 
acetamide 1.97 with sodium methoxide and heat provided the methyl carbamate 1.147 in 70% 
yield.80-82 The urea derivative 1.148 was obtained in excellent yield (82%), using cesium 
carbonate as a base and benzyl amine in dimethylformamide (DMF).83-85 Many other 
transformations of trichloroacetamides are also now available to these substrates. For example, 
trichloroacetamide systems are known to participate in radical cyclizations, giving access to 
lactams.86  
 
Scheme 1.26 Transformations of the benzylic trichloroacetamide 1.97. 
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1.3 Conclusion 
 The development of two different sets of conditions that facilitate the efficient 
rearrangement of benzylic trichloroacetimidates to the corresponding trichloroacetamides has 
been completed. Optimization studies showed that the use of nitromethane as a solvent was 
critical to avoid the competing elimination side product. The scope of the reaction with respect to 
simple and more complex trichloroacetimidates was tested in both the thermal and Lewis acid 
catalyzed conditions. Analysis of the substrate scope showed that imidates that are precursors to 
stable cations were more successful in the rearrangement reaction, whereas primary substrates 
usually provided lower yields, as these tend to form less stable cation partners. It was also 
observed that steric effects played a significant role in the transformation, with bulkier groups at 
the ortho position of the aromatic ring and at the benzylic position usually being detrimental to 
the isolated yields. The convenience of having two protocols was demonstrated as substrates that 
decomposed under one set of conditions typically formed the rearranged product in the other. 
Benzylic trichloroacetamides were shown to be successfully transformed into the amine, 
carbamate, and urea functional groups, proving to be a great method for easy access to a wide 
range of benzylic amine precursors from readily available alcohols.  
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1.4 Experimental 
General: All anhydrous reactions were run under a positive pressure of argon or nitrogen. 
Dichloromethane and THF were dried by passage through an alumina column following the 
method of Grubbs.87 Column chromatography was performed using silica gel 60 (230−400 
mesh). Melting points are uncorrected. NMR spectra were recorded in CDCl3, with residual 
chloroform or TMS used as the internal reference. The trichloroacetimidates 1.90,88 1.92,89 
1.100,29 1.106,76 1.110,76 1.114,90 1.116,91 1.118,92, 93 1.126,76 1.133,28 1.78,63, 94 and 1.13595 
were prepared as previously described, while tert-butyl 2,2,2-trichloroacetimidate 1.21 and ethyl 
2,2,2-trichloroacetimidate 1.137 were purchased from commercial sources and used without 
further purification. The synthesis and analysis of the enantiopurity of the chiral 
trichloroacetimidate (S)-1.144 was performed as previously reported.29 
General procedure for synthesis of trichloroacetimidates. 
DBU (0.1 mmol) was added to a solution of the alcohol (1.0 mmol) in 4.0 mL anhydrous DCM 
under argon. The mixture was stirred at room temperature for 15 min and then cooled to 0 °C. 
Trichloroacetonitrile (1.2 mmol) was then added, and the reaction mixture was allowed to warm 
to room temperature and stirred for 18 h. The reaction mixture was then concentrated and the 
residue purified by silica gel chromatography (using the listed solvent system) to give the 
trichloroacetimidate. 
General procedures for rearrangement of trichloroacetimidates to trichloroacetamides. 
Method A: Thermal Conditions 
The imidate was dissolved in anhydrous nitromethane (1.0 M) under an argon atmosphere. The 
resulting solution was heated to reflux for 24 h. The reaction mixture was then allowed to cool to 
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room temperature and the solvent was removed in vacuo. The residue was purified by silica gel 
chromatography (using the listed solvent system) to provide the corresponding 
trichloroacetamide product. 
Method B: Lewis Acid Catalyzed Conditions 
The imidate was dissolved in anhydrous nitromethane (0.25 M) under an argon atmosphere. The 
solution was cooled to 0 °C and BF3•OEt2 (1 mol%) was added. The resulting solution was then 
stirred at 0 °C for the listed amount of time. The mixture was then quenched by the addition of 
sat. aq. sodium bicarbonate. The resulting suspension was then extracted with DCM (3x). The 
combined extracts were dried (Na2SO4), filtered and concentrated. The residue was purified by 
silica gel chromatography (using the listed solvent system) to provide the pure 
trichloroacetamide product. 
 
 
N-Benzhydryl-trichloroacetamide (1.91).73 Prepared using method A (0.16 g, 80%) and 
method B (0.25 g, 83%), purified using silica gel chromatography (5% ethyl acetate/94% 
hexanes/1% triethylamine). White solid; mp = 121-123 °C; TLC Rf = 0.65 (10% ethyl 
acetate/90% hexanes); 1H NMR (400 MHz, CDCl3) δ 7.40-7.31 (m, 6H), 7.26-7.25 (m, 4H), 7.16 
(d, J = 6.4 Hz, 1H), 6.18 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 160.9, 139.8, 129.0, 
128.2, 127.4, 92.7, 59.0. 
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2,2,2-Trichloro-N-(1-phenylethyl)acetamide (1.93).89 Prepared using method A (0.12 g, 80%) 
and method B (0.24 g, 94%), purified using silica gel chromatography (10% ethyl acetate/89% 
hexanes/1% triethylamine). White solid; mp = 117-119 °C; TLC Rf = 0.33 (10% ethyl 
acetate/90% hexanes); IR (thin film) 3310, 3064, 2991, 1681, 1519 cm-1; 1H NMR (300 MHz, 
CDCl3) δ 7.39-7.28 (m, 5H), 6.92 (br s, 1H), 5.07 (p, J = 7.2 Hz, 1H), 1.59 (d, J = 6.8 Hz, 3H); 
13C NMR (100 MHz, CDCl3) δ 161.0, 141.4, 129.0, 128.0, 126.1, 92.7, 51.1, 21.2. Chiral HPLC 
analysis: Chiralcel OJ (heptane/i-PrOH = 50/50, 0.5 mL/min, 254 nm, 25 °C): t1 = 11.1 min, t2 = 
12.7 min. 
 
N-(1-(Benzo[d][1,3]dioxol-6-yl)ethyl)-2,2,2-trichloroacetimidate (1.96). Prepared using the 
general procedure for synthesis of trichloroacetimidates and purified using silica gel 
chromatography (10% ethyl acetate/89% hexanes/1% triethylamine). White solid  (3.10 g, 75%); 
mp = 39-42 °C; TLC Rf = 0.69 (10% ethyl acetate/90% hexanes); IR (thin film) 3338, 2982, 
2932, 2892, 1661 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.30 (br s, 1H), 6.93 (d, J = 1.2 Hz, 1H), 
6.88 (dd, J = 8.0, 1.6 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 5.95 (s, 2H), 5.90 (q, J = 6.4 Hz, 1H), 
1.61 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.5, 147.8, 147.3, 135.2, 119.6, 
108.2, 106.6, 101.1, 91.8, 77.0, 22.2. Anal. Calcd for C11H10Cl3NO3: C, 42.54; H, 3.25; N, 4.51; 
Found: C, 42.35; H, 3.17; N, 4.52. 
 
35 
 
 
N-(1-(Benzo[d][1,3]dioxol-6-yl)ethyl)-2,2,2-trichloroacetamide (1.97). Prepared using method 
A (0.23 g, 75%) and method B (0.13 g, 87%), purified using silica gel chromatography (10% 
ethyl acetate/89% hexanes/1% triethylamine). White solid; mp = 112-115 °C; TLC Rf = 0.23 
(10% ethyl acetate/90% hexanes); IR (thin film) 3307, 2997, 2957, 2897, 1682 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 6.83-6.75 (m, 4H), 5.97 (s, 2H), 4.99 (p, J = 6.8 Hz, 1H), 1.57 (d, J = 6.8 
Hz, 3H) ; 13C NMR (100 MHz, CDCl3) δ 160.9, 148.1, 147.3, 135.2, 119.5, 108.5, 106.7, 101.3, 
92.7, 51.0, 21.2; Anal. Calcd for C11H10Cl3NO3: C, 42.54; H, 3.25; N, 4.51; Found: C, 42.54; H, 
3.25; N, 4.52. 
 
2,2,2-Trichloro-N-(1-(4-methoxyphenyl)ethyl)acetimidate (1.98). Prepared using the general 
procedure for synthesis of trichloroacetimidates, purified using silica gel chromatography (10% 
ethyl acetate/89% hexanes/1% triethylamine). White solid (1.14 g, 53%); mp = 59-68 °C; TLC 
Rf = 0.66 (10% ethyl acetate/90% hexanes); IR (thin film) 3337, 3059, 2986, 2934, 1685, 1660, 
1513 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.28 (br s, 1H), 7.36 (dd, J = 6.4, 1.6 Hz, 2H), 6.90-
6.87 (m, 2H), 5.94 (q, J = 6.4 Hz, 1H), 3.80 (s, 3H), 1.63 (d, J = 6.4 Hz, 3H); 
13C NMR (100 
MHz, CDCl3) δ 161.6, 159.3, 133.3, 127.3, 113.8, 91.8, 76.9, 55.2, 22.0; Anal. Calcd for 
C11H12Cl3NO2: C, 44.55; H, 4.08; N, 4.72; Found: C, 44.88; H, 4.13; N, 4.68. 
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2,2,2-Trichloro-N-(1-(4-methoxyphenyl)ethyl)acetamide (1.99). Prepared using method A 
(0.25 g, 82%) and method B (0.12 g, 80%), purified using silica gel chromatography (5% ethyl 
acetate/94% hexanes/1% triethylamine). White solid; mp = 89-91 °C; TLC Rf = 0.25 (10% ethyl 
acetate/90% hexanes); IR (thin film) 3329, 2977, 2934, 2836, 1660, 1585, 1513 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 7.28-7.26 (m, 2H), 6.92-6.90 (m, 2H), 6.75 (br s, 1H), 5.04 (p, J = 7.2 Hz, 
1H), 3.81 (s, 3H), 1.59 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 160.9, 159.3, 133.4, 
127.4, 114.3, 92.8, 55.3, 50.6, 21.0; Anal. Calcd for C11H12Cl3NO2: C, 44.55; H, 4.08; N, 4.72; 
Found: C, 44.68; H, 4.24; N, 4.76. 
 
2,2,2-Trichloro-N-(1-p-tolylethyl)acetamide (1.101). Prepared using method A (0.24 g, 82%, 
purified using silica gel chromatography with 2% ethyl acetate/98% toluene) and method B 
(0.084 g, 84%, purified using silica gel chromatography with 5% ethyl acetate/95% hexanes). 
Yellow solid; mp = 74-77 °C; TLC Rf = 0.44 (10% ethyl acetate/90% hexanes); IR (thin film) 
3322, 3026, 2980, 2927, 2873, 1697 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.25-7.18 (m, 4H), 6.78 
(br s, 1H), 5.05 (p, J = 7.2 Hz, 1H), 2.35 (s, 3H), 1.58 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 160.9, 138.5, 138.4, 137.7, 129.6, 126.1, 92.8, 51.0, 21.1; Anal. Calcd for 
C11H12Cl3NO: C, 47.09; H, 4.31; N, 4.99; Found: C, 46.69; H, 4.38; N, 4.99. 
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2,2,2-Trichloro-N-(1-(4-chlorophenyl)ethyl)acetimidate (1.102). Prepared using the  general 
procedure for synthesis of trichloroacetimidates and purified using silica gel chromatography 
(10% ethyl acetate/89% hexanes/1% triethylamine). White solid (2.40 g, 79%); mp = 39-41 °C; 
TLC Rf = 0.47 (10% ethyl acetate/90% hexanes); IR (thin film) 3341, 2983, 2933, 1663, 1375 
cm-1; 1H NMR (400 MHz, CDCl3) δ 8.32 (br s, 1H), 7.37-7.32 (m, 4H), 5.95 (q, J = 6.8 Hz, 1H), 
1.63 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.5, 139.9, 133.7, 128.7, 127.3, 91.6, 
76.4, 22.2; Anal. Calcd for C10H9Cl4NO: C, 39.90; H, 3.01; N, 4.65; Found: C, 39.66; H, 3.31; 
N, 4.55. 
 
2,2,2-Trichloro-N-(1-(4-chlorophenyl)ethyl)acetamide (1.103). Prepared using method A 
(0.22 g, 72%) and using a modified method B where the reaction was allowed to proceed for 1 h 
(0.10 g, 67%), purified using silica gel chromatography (10% ethyl acetate/89% hexanes/1% 
triethylamine). White solid; mp = 92-94 °C; TLC Rf = 0.33 (10% ethyl acetate/90% hexanes); IR 
(thin film) 3326, 3029, 2981, 2934, 1695, 1577 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.37-7.26 
(m, 4H), 6.79 (br s, 1H), 5.05 (p, J = 6.8 Hz, 1H), 1.59 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 161.0, 140.0, 133.7, 129.1, 127.5, 92.6, 50.6, 21.2; Anal. Calcd for C10H9Cl4NO: C, 
39.90; H, 3.01; N, 4.65; Found: C, 40.16; H, 3.25; N, 4.59. 
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2,2,2-Trichloro-N-(1-(4-nitrophenyl)ethyl)acetimidate (1.104). Prepared using the general 
procedure for synthesis of trichloroacetimidates and purified using silica gel chromatography 
(15% ethyl acetate/83% hexanes/2% triethylamine).White solid (1.80 g, 97%); mp = 56-59 °C; 
TLC Rf = 0.58 (30% ethyl acetate/70% hexanes); IR (thin film) 3340, 3083, 2987, 2936, 1666, 
1605 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.38 (br s, 1H), 8.24 (d, J = 8.8 Hz, 2H), 7.59 (d, J = 
8.8 Hz, 2H), 6.05 (q, J = 6.8 Hz, 1H), 1.68 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 
161.3, 148.6, 147.5, 126.6, 123.9, 91.3, 75.9, 22.1; Anal. Calcd for C10H9Cl3N2O3: C, 38.55; H, 
2.91; N, 8.99; Found: C, 38.61; H, 2.92; N, 8.97. 
 
 
2,2,2-Trichloro-N-(1-(4-nitrophenyl)ethyl)acetamide (1.105). Prepared using a modified 
method B (0.065g, 32%) where 10 mol % BF3•OEt2 was used and the reaction was heated to 
reflux for 24 h. Purified using silica gel chromatography (5% ethyl acetate/94% hexanes/1% 
triethylamine). White solid; mp = 118-126 °C; TLC Rf = 0.35 (30% ethyl acetate/ 70% hexanes); 
IR (thin film) 3341, 2983, 2931, 1699, 1604 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 8.4 
Hz, 2H), 7.52 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 4.4 Hz, 1H), 5.14 (p, J = 6.8 Hz, 1H), 1.65 (d, J = 
7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.3, 148.8, 147.5, 126.9, 124.2, 92.3, 50.8, 21.5; 
Anal. Calcd for C10H9Cl3N2O3: C, 38.55; H, 2.91; N, 8.99; Found: C, 38.57; H, 2.85; N, 9.25. 
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2,2,2-Trichloro-N-(1-o-tolylethyl)acetamide (1.107). Prepared using method A (0.15 g, 56%) 
and method B (0.085 g, 85%), purified using silica gel chromatography (10% ethyl acetate/90% 
hexanes). White solid; mp = 116-120 °C; TLC Rf = 0.42 (10% ethyl acetate/90% hexanes); IR 
(thin film) 3335, 3053, 3025, 2979, 2933, 2873, 1695 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.33-
7.19 (m, 4H), 6.79 (br s, 1H), 5.25 (p, J = 6.8 Hz, 1H), 2.39 (s, 3H), 1.58 (d, J = 6.8 Hz, 3H); 13C 
NMR (100 MHz, CDCl3) δ 160.8, 139.2, 136.1, 131.0, 128.0, 126.6, 124.6, 92.7, 47.9, 20.4, 
19.1. Anal. Calcd for C11H12Cl3NO: C, 47.09; H, 4.31; N, 4.99; Found: C, 46.96; H, 4.22; N, 
4.84. 
 
 
2,2,2-Trichloro-N-(1-(2-chlorophenyl)ethyl)acetimidate (1.108). Prepared using the  general 
procedure for synthesis of trichloroacetimidates and purified using silica gel chromatography 
(5% ethyl acetate/94% hexanes/1% triethylamine). Colorless oil (1.04 g, 86%); TLC Rf = 0.63 
(10% ethyl acetate/90% hexanes); 1H NMR (400 MHz, CDCl3) δ 8.35 (br s, 1H), 7.57 (dd, J = 
7.6, 1.6 Hz, 1H), 7.36 (dd, J = 7.6, 1.6 Hz, 1H), 7.31-7.21 (m, 2H), 6.31 (q, J = 6.4 Hz, 1H), 1.64 
(d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.2, 139.4, 131.7, 129.5, 128.9, 127.3, 
126.2, 91.6, 74.1, 20.9; Anal. Calcd for C10H9Cl4NO: C, 39.90; H, 3.01; N, 4.65; Found: C, 
39.70; H, 2.95; N, 4.51. 
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2,2,2-Trichloro-N-(1-(2-chlorophenyl)ethyl)acetamide (1.109). Prepared using a modified 
method A where the reaction was refluxed for 72 h (0.11 g, 55%) and using a modified method B 
where the reaction was allowed to proceed for 1 h (0.080 g, 59%), purified using silica gel 
chromatography (10% ethyl acetate/89% hexanes/1% triethylamine). White solid; mp = 127-128 
°C; TLC Rf = 0.32 (10% ethyl acetate/90% hexanes); IR (thin film) 3297, 3030, 2982, 2933, 
1691, 1520 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.41-7.24 (m, 4H), 7.10 (br s, 1H), 5.35 (p, J = 
6.8 Hz, 1H), 1.62 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 160.8, 138.6, 132.9, 130.4, 
129.1, 127.4, 127.2, 92.6, 49.6, 20.3; Anal. Calcd for C10H9Cl4NO: C, 39.90; H, 3.01; N, 4.65; 
Found: C, 40.04; H, 3.01; N, 4.97. 
 
 
N-(1-(5-Bromobenzo[d][1,3]dioxol-6-yl)ethyl)-2,2,2-trichloroacetamide (1.111). Prepared 
using method A (0.15 g, 73%) and method B (0.16 g, 62%), purified using silica gel 
chromatography (10% ethyl acetate/89% hexanes/1% triethylamine). White solid; mp = 139-141 
°C; TLC Rf = 0.62 (30% ethyl acetate/70% hexanes); IR (thin film) 3327, 2981, 2899, 1694 cm
-
1; 1H NMR (400 MHz, CDCl3) δ 7.03 (s, 1H), 6.92 (s, 1H), 6.82 (s, 1H), 5.99 (abq, J = 1.2 Hz, 
2H), 5.23 (p, J = 7.2 Hz, 1H), 1.56 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 160.7, 
148.0, 147.9, 133.4, 113.6, 113.4, 106.8, 102.0, 92.5, 51.3, 20.4; Anal. Calcd for 
C11H9BrCl3NO3: C, 33.92; H, 2.33; N, 3.60; Found: C, 33.67; H, 2.45; N, 3.83. 
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Benzyl 3-(1-(2,2,2-trichloroacetimido)ethyl)-1H-indole-1-carboxylate (1.112). Prepared using 
the general procedure for synthesis of trichloroacetimidates and purified using silica gel 
chromatography (10% ethyl acetate/89% hexanes/1% triethylamine). White solid (1.47 g, 76%); 
mp = 78-85 °C; IR (thin film) 3338, 3089, 3034, 2982, 2936, 1740, 1662 cm-1; 1H NMR (400 
MHz, CDCl3) δ 8.40 (s, 1H), 8.18 (d, J = 5.6 Hz, 1H), 7.68-7.67 (m, 2H), 7.50-7.22 (m, 7H), 
6.31 (q, J = 6.4 Hz, 1H), 5.44-5.37 (m, 2H), 1.77 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 161.8, 150.8, 135.9, 135.1, 128.9, 128.6, 128.4, 127.8, 125.1, 123.2, 123.0, 121.6, 
120.2, 115.5, 91.9, 71.2, 68.9, 19.8; Anal. Calcd for C20H17Cl3N2O3: C, 54.63; H, 3.90; N, 6.37; 
Found: C, 54.70; H, 3.92; N, 6.24. 
 
Benzyl 3-(1-(2,2,2-trichloroacetamido)ethyl)-1H-indole-1-carboxylate (1.113). Prepared 
using method B (0.072 g, 72%), purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes). White solid; mp = 126-128 °C; TLC Rf = 0.53 (25% ethyl acetate/75% 
hexanes); IR (thin film) 3333, 3065, 3031, 2979, 2936, 1734, 1703, 1608 cm-1; 1H NMR (400 
MHz, CDCl3) δ 8.18 (d, J = 6.8 Hz, 1H), 7.62 (s, 1H), 7.58-7.55 (m, 1H), 7.50-7.47 (m, 2H), 
7.45-7.34 (m, 4H), 7.30-7.27 (m, 1H), 6.75 (d, J = 8.0 Hz, 1H), 5.50-5.34 (m, 3H), 1.71 (d, J = 
6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.1, 150.7, 135.9, 134.9, 128.90, 128.85, 128.61, 
128.56, 125.4, 123.5, 122.7, 121.9, 119.4, 115.5, 92.7, 69.0, 43.9, 19.4; Anal. Calcd for 
C20H17Cl3N2O3: C, 54.63; H, 3.90; N, 6.37; Found: C, 54.67; H, 3.92; N, 6.50. 
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N-Benzyl-2,2,2-trichloroacetamide (1.115).96 Prepared using method A (0.050 g, 25%) and 
method B (0.015 g, 15%), purified using silica gel chromatography (10% ethyl acetate/89% 
hexanes/1% triethylamine). White solid; mp = 87-92 °C; TLC Rf = 0.50 (20% ethyl acetate/ 80% 
hexanes); 1H NMR (400 MHz, CDCl3) δ 7.40-7.30 (m, 5H), 7.00 (br s, 1H), 4.55 (d, J = 5.6 Hz, 
2H); 13C NMR (100 MHz, CDCl3) δ 161.9, 136.3, 129.0, 128.2, 127.8, 92.6, 45.4. 
 
 
N-(4-Methoxybenzyl)-2,2,2-trichloroacetamide (1.117). Prepared using method A (0.070 g, 
47%) and method B (0.013 g, 13%), purified using silica gel chromatography (10% ethyl 
acetate/89% hexanes/1% triethylamine). White solid; mp = 95-100 °C; TLC Rf = 0.18 (10% 
ethyl acetate/90% hexanes); IR (thin film) 3313, 3044, 3002, 2954, 1692, 1613 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 7.26-7.24 (m, 2H), 6.92-6.84 (m, 3H), 4.49 (d, J = 5.6 Hz, 2H), 3.81 (s, 
3H); 13C NMR (100 MHz, CDCl3) δ 161.8, 159.5, 129.3, 128.4, 114.4, 92.6, 55.3, 44.9; Anal. 
Calcd for C10H10Cl3NO2: C, 42.51; H, 3.57; N, 4.96; Found: C, 42.72; H, 3.77; N, 5.22. 
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2,2,2-Trichloro-N-(1-phenylpentyl)acetimidate (1.120). Prepared using the  general procedure 
for synthesis of trichloroacetimidates and purified using silica gel chromatography (8% ethyl 
acetate/90% hexanes/2% triethylamine). Yellow oil (1.69 g, 96%); TLC Rf = 0.71 (10% ethyl 
acetate/90% hexanes); IR (thin film) 3348, 3092, 3069, 3036, 2958, 2934, 2863, 1659 cm-1; 1H 
NMR (400 MHz, CDCl3) δ 8.23 (br s, 1H), 7.41-7.27 (m, 5H), 5.81 (q, J = 5.6 Hz, 1H), 2.09-
2.00 (m, 1H), 1.89-1.80 (m, 1H), 1.50-1.41 (m, 1H), 1.38-1.30 (m, 3H), 0.89 (t, J = 6.8 Hz, 3H); 
13C NMR (100 MHz, CDCl3) δ 161.7, 140.6, 128.4, 127.9, 126.2, 91.9, 81.0, 36.7, 27.7, 22.5, 
14.1; Anal. Calcd for C13H16Cl3NO: C, 50.59; H, 5.23; N, 4.54; Found: C, 50.32; H, 5.36; N, 
4.42. 
 
2,2,2-Trichloro-N-(1-phenylpentyl)acetamide (1.121). Prepared using method A (0.19 g, 63%) 
and method B (0.084 g, 56%), purified using silica gel chromatography (5% ethyl acetate/95% 
hexanes). White solid; mp = 57-61 °C; TLC Rf = 0.49 (10% ethyl acetate/90% hexanes); IR (thin 
film) 3431, 3067, 3033, 2957, 2931, 2861, 1698 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.40-7.29 
(m, 5H), 6.81 (br s, 1H), 4.90 (q, J = 7.6 Hz, 1H), 1.94-1.87 (m, 2H), 1.39-1.24 (m, 4H), 0.89 (t, 
J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.1, 140.7, 128.9, 127.9, 126.5, 92.9, 55.8, 
35.6, 28.3, 22.4, 14.0; Anal. Calcd for C13H16Cl3NO: C, 50.59; H, 5.23; N, 4.54; Found: C, 
50.49; H, 5.18; N, 4.79. 
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2,2,2-Trichloro-N-(2-methyl-1-phenylpropyl)acetimidate (1.122). Prepared using the  general 
procedure for synthesis of trichloroacetimidates and purified using silica gel chromatography 
(5% ethyl acetate/93% hexanes/2% triethylamine). Colorless oil (3.01 g, 86%); TLC Rf = 0.63 
(10% ethyl acetate/ 90% hexanes); IR (thin film) 3339, 3088, 3062, 3032, 2979, 2961, 2925, 
2868, 1660 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.23 (br s, 1H), 7.41-7.28 (m, 5H), 5.57 (d, J = 
7.2 Hz, 1H), 2.29-2.17 (m, 1H), 1.10 (d, J = 6.4 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H); 13C NMR (100 
MHz, CDCl3) δ 161.7, 139.1, 128.2, 127.9, 126.9, 92.0, 85.8, 34.4, 19.0, 18.4; Anal. Calcd for 
C12H14Cl3NO: C, 48.92; H, 4.79; N, 4.75; Found: C, 48.72; H, 4.42; N, 4.64. 
 
2,2,2-Trichloro-N-(2-methyl-1-phenylpropyl)acetamide (1.123). Prepared using method A 
(0.049 g, 16%) and method B (0.062 g, 41%), purified using silica gel chromatography (1% ethyl 
acetate/99% toluene). White solid; mp = 78-82 °C; TLC Rf = 0.38 (10% ethyl acetate/ 90% 
hexanes); IR (thin film) 3338, 3066, 3033, 2963, 2934, 2873, 1693, 1515 cm-1; 1H NMR (400 
MHz, CDCl3) δ 7.38-7.34 (m, 2H), 7.31-7.24 (m, 3H), 6.96 (d, J = 6.8 Hz, 1H), 4.69 (t, J = 8.4 
Hz, 1H), 2.23-2.11 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H); 13C NMR (100 
MHz, CDCl3) δ 161.1, 139.7, 128.7, 127.8, 126.7, 93.0, 61.4, 33.6, 19.7, 18.5; Anal. Calcd for 
C12H14Cl3NO: C, 48.92; H, 4.79; N, 4.75; Found: C, 48.96; H, 4.86; N, 4.87. 
45 
 
 
2,2,2-Trichloro-N-(2,3-dihydro-1H-inden-3-yl)acetimidate (1.124). Prepared using the  
general procedure for synthesis of trichloroacetimidates and purified using silica gel 
chromatography (10% ethyl acetate/89% hexanes/1% triethylamine). Clear colorless oil (0.73 g, 
86%); TLC Rf = 0.85 (10% ethyl acetate/90% hexanes); IR (thin film) 3340, 3028, 2943, 2852, 
1660 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.39 (s, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.34-7.22 (m, 
3H), 6.35 (q, J = 2.8 Hz, 1H), 3.19-3.11 (m, 1H), 2.96-2.89 (m, 1H), 2.67-2.58 (m, 1H), 2.27-
2.19 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 162.8, 144.5, 140.6, 129.2, 126.8, 125.7, 124.9, 
91.9, 83.3, 32.0, 30.2; Anal. Calcd for C11H10Cl3NO: C, 47.43; H, 3.62; N, 5.03; Found: C, 
47.15; H, 3.95; N, 5.27. 
 
2,2,2-Trichloro-N-(2,3-dihydro-1H-inden-3-yl)acetamide (1.125). Prepared using method A 
(0.072 g, 72%) and method B (0.074 g, 74%), purified using silica gel chromatography (5% ethyl 
acetate/94% hexanes/1% triethylamine). White solid; mp = 86-89 °C; TLC Rf = 0.51 (10% ethyl 
acetate/90% hexanes); IR (thin film) 3319, 3024, 2944, 2850, 1692, 1518 cm-1; 1H NMR (400 
MHz, CDCl3) δ 7.26-7.16 (m, 4H), 6.74 (s, 1H), 5.39 (q, J = 7.6 Hz, 1H), 3.02-2.95 (m, 1H), 
2.91-2.83 (m, 1H), 2.66-2.58 (m, 1H), 1.91-1.82 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 161.8, 
143.5, 141.5, 128.7, 127.2, 125.1, 124.0, 92.7, 56.8, 33.4, 30.3; Anal. Calcd for C11H10Cl3NO: C, 
47.43; H, 3.62; N, 5.03; Found: C, 47.09; H, 3.90; N, 4.95. 
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2,2,2-Trichloro-N-(1,2,3,4-tetrahydronaphthalen-4-yl)acetamide (1.127). Prepared using 
method A (0.13 g, 60%) and method B (0.11 g, 70%), purified using silica gel chromatography 
(10% ethyl acetate/89% hexanes/1% triethylamine). White solid; mp = 129-130 °C; TLC Rf = 
0.33 (10% ethyl acetate/90% hexanes); IR (thin film) 3285, 3057, 2920, 2864, 1691, 1536 cm-1; 
1H NMR (400 MHz, CDCl3) δ 7.28-7.14 (m, 4H), 6.80 (br s, 1H), 5.17-5.12 ( m, 1H), 2.90-2.76 
(m, 2H), 2.18-2.10 (m, 1H), 1.96-1.84 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 161.3, 137.7, 
134.9, 129.5, 128.5, 128.0, 126.7, 92.9, 49.9, 29.4, 29.1, 19.9; Anal. Calcd for C12H12Cl3NO: C, 
49.26; H, 4.13; N, 4.79; Found: C, 48.97; H, 4.13; N, 4.86. 
 
2,2,2-Trichloro-N-((2-methoxyphenyl)(phenyl)methyl)acetimidate (1.128). Prepared using 
the  general procedure for synthesis of trichloroacetimidates and purified using silica gel 
chromatography (5% ethyl acetate/94% hexanes/1% triethylamine). White solid (2.76 g, 81%); 
mp = 93-96 °C; IR (thin film) 3337, 3064, 3032, 3005, 2960, 2938, 1665, 1601 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 8.36 (s, 1H), 7.50-7.46 (m, 3H), 7.35-7.25 (m, 5H), 6.97 (td, J = 7.6, 0.8 
Hz, 1H), 6.89 (d, J = 8.0 Hz, 1H), 3.85 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.3, 156.4, 
139.7, 129.1, 128.5, 128.3, 127.8, 127.0, 126.8, 120.7, 110.7, 91.7, 76.2, 55.6; Anal. Calcd for 
C16H14Cl3NO2: C, 53.58; H, 3.93; N, 3.91; Found: C, 53.54; H, 3.82; N, 3.97. 
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2,2,2-Trichloro-N-((2-methoxyphenyl)(phenyl)methyl)acetamide (1.129). Prepared using 
method A (0.072 g, 50%) and method B (0.100 g, 67%), purified using silica gel 
chromatography (5% ethyl acetate/95% hexanes). White solid; mp = 109-112 °C; TLC Rf = 0.34 
(10% ethyl acetate/90% hexanes); IR (thin film) 3404, 3062, 3028, 2936, 2838, 1714, 1601 cm-1; 
1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 8.0 Hz, 1H), 7.37-7.20 (m, 7H), 7.01 (t, J = 7.6 Hz, 
1H), 6.96 (d, J = 8.0 Hz, 1H), 6.28 (d, J = 8.8 Hz, 1H), 3.80 (s, 3H); 13C NMR (100 MHz, 
CDCl3) δ 161.0, 157.1, 140.1, 129.8, 129.6, 128.5, 127.4, 127.1, 126.4, 121.2, 111.7, 93.1, 56.8, 
55.6; Anal. Calcd for C16H14Cl3NO2: C, 53.58; H, 3.93; N, 3.91; Found: C, 53.86; H, 3.83; N, 
3.83. 
 
2,2,2-Trichloro-N-((4-nitrophenyl)(phenyl)methyl)acetimidate (1.130). Prepared using the 
general procedure for synthesis of trichloroacetimidates and purified using silica gel 
chromatography (10% hexanes/88% toluene/2% triethylamine). White solid (1.34 g, 86%); mp = 
89-93 °C; TLC Rf = 0.62 (30% ethyl acetate/ 70% hexanes); IR (thin film) 3339, 3039, 1667, 
1606, 1523 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.50 (br s, 1H), 8.21 (d, J = 8.8 Hz, 2H), 7.62 (d, 
J = 8.8 Hz, 2H), 7.43-7.32 (m, 5H), 7.00 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 161.0, 147.6, 
146.9, 138.3, 128.9, 128.7, 127.6, 127.1, 123.9, 91.2, 80.3; Anal. Calcd for C15H11Cl3N2O3: C, 
48.22; H, 2.97; N, 7.50; Found: C, 48.09; H, 2.97; N, 7.33. 
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2,2,2-Trichloro-N-((4-nitrophenyl)(phenyl)methyl)acetamide (1.131). Prepared using method 
A (0.149 g, 74%) and method B (0.088 g, 88%), purified using silica gel chromatography (10% 
ethyl acetate/90% hexanes). White solid; mp = 145-148 °C; TLC Rf = 0.29 (20% ethyl acetate/ 
80% hexanes); IR (thin film) 3280, 3064, 1702, 1606 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.22 
(d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 7.43-7.36 (m, 3H), 7.26-7.22 (m, 3H), 6.22 (d, J = 
7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 161.2, 147.6, 146.9, 138.4, 129.5, 129.0, 127.9, 
127.6, 124.2, 92.2, 58.7; Anal. Calcd for C15H11Cl3N2O3: C, 48.22; H, 2.97; N, 7.50; Found: C, 
48.23; H, 3.07; N, 7.49. 
 
N-tert-Butyl-2,2,2-trichloroacetamide (1.132).97 Pink solid (0.012 g, 8%); TLC Rf = 0.40 (15% 
ethyl acetate/ 85% hexanes); 1H NMR (400 MHz, CDCl3) δ 6.48 (br s, 1H), 1.43 (s, 9H); 13C 
NMR (100 MHz, CDCl3) δ 160.4, 93.3, 53.0, 28.1. 
 
2,2,2-Trichloro-N-(1-methyl-2-oxo-3-phenylindolin-3-yl)acetamide (1.134). Prepared using 
method A (0.047 g, 47%), purified using silica gel chromatography (20% ethyl acetate/88% 
hexanes/2% triethylamine). White solid; mp = 197-205 °C; TLC Rf = 0.21 (20% ethyl 
acetate/80% hexanes); 1H NMR (400 MHz, CDCl3) δ 7.39-7.31 (m, 8H), 7.11 (td, J = 7.6, 0.8 
Hz, 1H), 6.87 (d, 7.6 Hz, 1H), 3.17 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 173.6, 160.5, 144.6, 
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136.5, 130.2, 129.5, 129.3,  127.2, 126.7, 124.8, 123.2, 108.9, 91.8, 65.1, 27.0; Anal. Calcd for 
C17H13Cl3N2O2: C, 53.22; H, 3.42; N, 7.30; Found: C, 53.40; H, 3.43; N, 7.28. 
 
N-((2S,3R,4S,5R,6R)-3,4,5-Tris(benzyloxy)-6-((benzyloxy)methyl)-tetrahydro-2H-pyran-2-
yl)-2,2,2-trichloroacetamide (1.79a) and N-((2R,3R,4S,5R,6R)-3,4,5-Tris(benzyloxy)-6-
((benzyloxy)methyl)-tetrahydro-2H-pyran-2-yl)-2,2,2-trichloroacetamide (1.79b). 
Rearrangement of imidate 1.78 using method A provided 1.79a (0.040 g, 21%) and 1.79b 
(0.040g, 21%) after purification with silica gel chromatography (10% ethyl acetate/90% 
hexanes). This rearrangement was also successful with method B, providing 1.79a (0.047 g, 
47%) and 1.79b (0.020g, 20%) after purification with silica gel chromatography (10% ethyl 
acetate/90% hexanes). 
1.79a.63 Colorless oil (0.04 g, 21%); TLC Rf = 0.38 (20% ethyl acetate/80% hexanes); 
1H NMR 
(400 MHz, CDCl3) δ 7.33-7.24 (m, 19H), 7.15-7.12 (m, 2H), 5.60 (t, J = 5.6 Hz, 1H), 4.91 (d, J = 
10.8 Hz, 1H), 4.79 (t, J = 11.2 Hz, 2H), 4.65-4.57 (m, 3H), 4.54-4.47 (m, 2H), 3.89-3.86 (m, 
1H), 3.80-3.76 (m, 2H), 3.69-3.64 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 162.2, 138.2, 137.9, 
137.8, 136.9, 128.7, 128.51, 128.50, 128.43, 128.39, 128.2, 128.1, 128.04, 127.98, 127.9, 127.8, 
92.4, 81.6, 77.0, 76.5, 75.5, 75.2, 73.6, 73.0, 71.9, 68.1. 
1.79b.63 White solid (0.04 g, 21%); mp = 121-126 °C; TLC Rf = 0.32 (20% ethyl acetate/80% 
hexanes); IR (thin film) 3325, 3064, 3031, 2924, 2858, 1706, 1520 cm-1; 1H NMR (400 MHz, 
CDCl3) δ 7.37-7.25 (m, 18H), 7.14-7.12 (m, 2H), 6.98 (d, J = 8.8 Hz, 1H), 5.08 (t, J = 9.2 Hz, 
1H), 4.89 (s, 2H), 4.83-72 (m, 3H), 4.61 (d, J = 12.4 Hz, 1H), 4.51 (dd, J = 20.4, 10.8 Hz, 2H), 
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3.80-3.69 (m, 4H), 3.56-3.46 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 161.7, 138.2, 137.9, 137.6, 
137.4, 128.7, 128.52, 128.47, 128.46, 128.44, 128.2, 128.1, 127.90, 127.85, 92.2, 85.8, 81.0, 
79.8, 77.3, 76.9, 75.7, 75.0, 74.8, 73.6, 67.9; Anal. Calcd for C36H36Cl3NO6: C, 63.12; H, 5.30; 
N, 2.04; Found: C, 63.19; H, 5.37; N, 2.06. 
 
2,2,2-Trichloro-N-((1,3-dioxoisoindolin-2-yl)methyl)acetamide (1.136). Prepared using a 
modified method B (0.058 g, 29%) where the reaction was performed with 10 mol % BF3•OEt2 
at rt for 48 h, purified using silica gel chromatography (1% ethyl acetate/99% dichloromethane). 
White solid; mp = 218-223 °C; TLC Rf = 0.71 (2% ethyl acetate/ 98% dichloromethane); IR 
(thin film) 3317, 3123, 1709, 1514 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.93-7.89 (m, 2H), 7.80-
7.76 (m, 2H), 7.52 (br s, 1H), 5.31 (d, J = 6.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 167.1, 
161.6, 134.6, 131.7, 123.9, 92.0, 44.0; Anal. Calcd for C11H7Cl3N2O3: C, 41.09; H, 2.19; N, 8.71; 
Found: C, 41.04; H, 2.21; N, 8.74. 
 
1-(Benzo[d][1,3]dioxol-6-yl)ethanamine (1.146).98 To the solution of amide 1.97 (0.10 g, 0.32 
mmol) in 2.1 mL methanol, solution of sodium hydroxide (0.051 g in 0.5 mL water) was added 
and the reaction mixture was heated to reflux for 18 h. Then the mixture was cooled to room 
temperature and concentrated. The residue was partitioned between 10 mL water and 5 mL 
DCM. The organic layer was separated and the aqueous layer was extracted with DCM twice (2 
x 5 mL). The combined organic layers were dried over sodium sulfate and then filtered and 
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concentrated to provide crude amine 1.146. The crude residue was then purified by silica gel 
chromatography (1% triethylamine/ 2% methanol/ 97% dichloromethane) to provide the pure 
amine 1.146 (0.031 g, 58%). 1H NMR (400 MHz, CDCl3) δ 6.89 (d, J = 1.6 Hz, 1H), 6.82-6.74 
(m, 2H), 5.94 (s, 2H), 4.09 (q, J  = 6.8 Hz, 1H), 2.86 (br s, 2H), 1.39 (d, J = 6.8 Hz, 3H); 13C 
NMR (100 MHz, CDCl3) δ 147.8, 146.4, 141.1, 118.9, 108.1, 106.4, 100.9, 51.2, 25.3. 
 
Methyl 1-(benzo[d][1,3]dioxol-6-yl)ethylcarbamate (1.147). To a solution of 1.97 (0.050 g, 
0.16 mmol) in 0.5 mL methanol, sodium methoxide (0.086 g, 1.60 mmol) was added and the 
resulting mixture was stirred at reflux for 1 h. The mixture was then cooled to room temperature 
and was partitioned between dichloromethane and water (5 mL each). The organic layer was 
separated and the aqueous was extracted with dichloromethane (2 x 5 mL). The combined 
organic layers were dried over sodium sulfate and then filtered and concentrated to provide crude 
carbamate 1.147. The crude residue was then purified by silica gel chromatography (5% ethyl 
acetate/ 95% dichloromethane) to provide the pure carbamate 1.147 (0.025 g, 70%) as a colorless 
oil. TLC Rf = 0.23 (20% ethyl acetate/80% hexanes); IR (thin film) 3324, 2974, 2897, 1703, 
1504 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.79-6.74 (m, 3H), 5.94 (s, 2H), 4.91 (br s, 1H), 4.74 
(br s, 1H), 3.65 (s, 3H), 1.44 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 156.2, 147.8, 
146.7, 137.7, 119.1, 108.3, 106.6, 101.0, 52.1, 50.5, 22.5; Anal. Calcd for C11H13NO4: C, 59.19; 
H, 5.87; N, 6.27; Found: C, 59.10; H, 5.91; N, 6.35. 
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1-(1-(Benzo[d][1,3]dioxol-6-yl)ethyl)-3-benzylurea (1.148). To a solution of 1.97 (50.0 g, 0.16 
mmol) in 0.6 mL DMF, Cs2CO3 (0.30 g, 0.96 mmol) and benzylamine (0.10 g, 0.96 mmol) were 
added and the resulting mixture was stirred at room temperature for 18 h. The mixture was then 
diluted with saturated sodium bicarbonate solution and dichloromethane (5 mL each). The 
organic layer was separated and the aqueous was extracted with dichloromethane (2 x 5 mL). 
The combined organic layers were dried over sodium sulfate and then filtered and concentrated 
to provide crude urea 1.148. The crude residue was then purified by silica gel chromatography 
(5% ethyl acetate/ 95% dichloromethane) to provide the pure urea 1.148 (0.079 g, 82%) as a 
white solid. 
mp = 143-147 °C; TLC Rf = 0.24 (40% ethyl acetate/60% toluene); IR (thin film) 3341, 3317, 
3031, 2969, 2872, 1618, 1572 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.31-7.22 (m, 4H), 7.17 (d, J 
= 6.8 Hz, 2H), 6.78-6.74 (m, 3H), 5.93 (s, 2H), 4.68 (q, J = 6.8 Hz, 1H), 4.36-4.27 (m, 2H), 5.04-
3.96 (br s, 1H), 1.40 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 157.5, 148.1, 146.8, 
138.9, 138.0, 128.6, 127.3, 119.0, 108.4, 106.4, 101.1, 77.2, 50.4, 44.5, 23.5; Anal. Calcd for 
C17H18N2O3: C, 68.44; H, 6.08; N, 9.39; Found: C, 68.21; H, 5.88; N, 9.42. 
Supporting Information Available 
Copies of 1H NMR and 13C NMR spectra of new compounds and chiral HPLC data for 
compound 1.144. This material is available free of charge via the Internet at http:// pubs.acs.org.  
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Appendix A 
1H and 13C NMR Spectra Supplement to Chapter 1 
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Racemic acetamide 1.93 from rearrangement of racemic 1.92. 
50% i-PrOH/heptane, 0.5 mL/min, Chiracel OJ Column 
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Acetamide 1.93 from rearrangement of (S)-1.92 under thermal conditions. 
50% i-PrOH/heptane, 0.5 mL/min, Chiracel OJ Column 
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Acetamide 1.93 from rearrangement of (S)-1.92 under Lewis acid catalyzed conditions. 
50% i-PrOH/heptane, 0.5 mL/min, Chiracel OJ Column 
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Chapter 2 
Friedel-Crafts Alkylation of Indoles with 
Trichloroacetimidates 
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Abstract 
Indoles substituted with benzyl groups at the C3 position are utilized frequently in 
medicinal chemistry and are known to be pharmacologically active systems. Generally, these 
systems are accessed from alkyl halides in the Friedel-Crafts alkylation of the indole C3 position. 
Often these Friedel-Crafts reactions involve the application of harsh and environmentally 
unfriendly conditions. Therefore, the development of simple, inexpensive, and efficient protocols 
for the alkylation of the indole moiety is still an active research area. As an alternative to alkyl 
halide electrophiles, an effective approach to the selective C3 alkylation using 
trichloroacetimidates is reported. The scope of these alkylations in terms of the 
trichloroacetimidate electrophile and the indole nucleophile have been investigated. The 
decoration of the indole heterocycle is best performed when either the indole and/or the imidate 
is functionalized with electron withdrawing groups, avoiding polyalkylation. Modular C2 
alkylation was also briefly investigated and was shown to be effective in some indole systems.  
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2.1 Introduction 
2.1.1 Biologically Active and Pharmacologically Interesting 3-benzylindoles 
 Heterocycles play a prominent role in drug discovery, and they continue to be an active 
research area of organic chemistry today.1-3 Indoles have been especially well represented in 
organic and medicinal chemistry, with many natural products and pharmaceutical agents 
containing indole-based structures with an extensive range of biological activities.4-6 Indoles 
substituted with benzyl groups at the C3 position, specifically, are commonly found in 
pharmacologically active systems (Figure 2.1), such as anti-tuberculosis compounds (2.1)7, anti-
hyperglycemic agents (2.2)8, autotaxin inhibitors (2.3),9 and topoisomerase inhibitors (2.4).10 
Moreover, medicinal chemistry studies initiated in our laboratory have led to the analysis of 
structures similar to 2.5 as potential SHIP phosphatase inhibitors.11, 12 Clinical success has also 
been documented with these systems, as shown with the asthma treatment zafirlukast 2.6,13-16 a 
cysteinyl leukotriene receptor antagonist. 
 
 
Figure 2.1 Biologically active 3-benzylindoles. 
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2.1.2 Construction of the Indole Core and Indole Alkylation Challenges 
The significance of indoles in medicinal chemistry has prompted the development of 
numerous synthetic protocols for the formation of the indole core.17-19 Consequently, researchers 
now have begun to focus on the elaboration of new methods for the rapid functionalization and 
manipulation of this heterocycle.20, 21 Some of the prevailing approaches for the construction of 
these important molecules center on exploring the nucleophilic nature of indole in addition 
reactions to electron poor alkenes,21, 22 carbonyls/imines,21 as well as methods for new 
arylation/vinylation reactions.23-28 Conversely, functionalization of indoles with sp3-hybridized 
electrophiles is an area still in development.20, 29  
2.1.3 Introduction of sp3-hydribrized Groups to Indoles 
2.1.3A Alkyl Halides as Electrophiles 
While alkyl halides have been used in the past for direct alkylation of indoles, 
sustainability and selectivity issues pose significant problems for these reactions. In the case of 
indoles, reactive sites towards electrophilic substitution are the C3, C2, N1, C5 and C7 positions 
(most reactive to least reactive, respectively; see Figure 2.2 for numbering). However, reactive 
organohalides have demonstrated little regioselectivity (C3 versus C2 versus N1), and 
polyalkylation has also been shown to be a severe obstacle.30-32  
 
Figure 2.2 Indole numbering 
One specific example of these difficulties was encountered in the synthesis of zafirlukast 
2.6.14 To synthesize the indole core of zafirlukast the alkylation of indole 2.8 with benzylic 
bromide 2.9 was investigated. Indole 2.8 contains two active positions (C3 and C2) and reaction 
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with alkyl halide 2.9 in the presence of zinc bromide afforded a 5:1 mixture of monoalkylated 
indole 2.10 and dialkylated indole 2.11. These compounds were difficult to separate by 
recrystallization on large scale, and therefore the reaction had to be significantly optimized 
before it could be scaled up to produce the active pharmaceutical ingredient. An array of Lewis 
acid promoters (Table 2.1) were screened to try to optimize this transformation. Eventually 
screening of solvents and Lewis acids showed that copper oxide in 1,4-dioxane at 100°C (Table 
2.1, entry 7) gave predominantly the desired monoalkylation product 2.10 in sufficient purity to 
allow for purification by recrystallization, and therefore this method was implemented for 
commercial production of zafirlukast 2.6. Disadvantages of this method include the use of a 
transition metal promoter that must be used in excess, the requirement for a high temperature 
(100 °C), and the generation of a toxic copper bromide salt as a stoichiometric side-product. 
Table 2.1 Indole alkylation in the synthesis of zafirlukast 2.6.14 
 
Entry Promoter 
Yield (%) 
Monoalkylation 2.10 
Yield (%) 
Dialkylation 2.11 
1 ZnBr2 53 10 
2 Ag2O 51 17 
3 CuCl 33 8 
4 ZnO 49
 4 
5 AlCl3 0
a 0a 
6 
7 
Al2O3 
Cu2O 
7 
85 
n.d.b 
4 
                aReactant is not converted to product; bn.d. = not detected. 
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2.1.3B Via Alcohols 
Selectivity issues in combination with the recent guidelines for sustainability have led to 
the search for alternative catalytic methods for the alkylation of indoles with sp3-hybridized 
electrophiles.20 The implementation of environmentally safe and inexpensive alcohols in 
catalytic Friedel-Crafts alkylation reactions has been to some extent explored,33-35 but their use 
has been limited as alcohols are poor leaving groups and therefore the reaction conditions are 
usually harsh and do not usually meet the requirements of proceeding at low temperatures with 
mild additives. A partial solution to these problems is the pairing of some unusual catalysts, such 
as water tolerant Lewis and Brønsted acids and/or transition-metal complexes with π-activated 
alcohols.36  
The use of water tolerant Lewis acids like Bi(OTf)3 (1 mol%) have been successfully 
employed in condensation reaction of arenes and heteroarenes with primary, secondary and 
tertiary benzyl alcohols (Scheme 2.1, eq. 1).37 In addition, the use of allylic alcohols for Friedel-
Crafts alkylation gained attention after Baba and co-workers reported the effective condensation 
of (E)-1,3-diphenylpropenol 2.16 with indoles 2.7 and 2.15 in the presence of InCl3 (5 mol%; 
Scheme 2.1, eq. 2).38 The success of this reaction is dependent on the electrophile producing a 
corresponding highly stabilized, activated allylic carbocation. 
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Scheme 2.1 π-Activated benzylic alcohols in catalytic Friedel-Crafts reactions. 
Kobayashi and co-workers have also reported efficient coupling of indoles and 
benzhydryl alcohols in water,39 where the Brønsted acid dodecylbenzenesulfonic acid (DBSA, 
10 mol%) aided in the activation of benzhydrol 2.19 for the regioselective alkylation of the N-
protected indole 2.15 in high yield (Scheme 2.2). These acid-catalyzed reactions typically require 
high temperatures to activate the alcohol leaving group for displacement with the indole 
nucleophile. 
 
Scheme 2.2 Brønsted acid coupling of indoles and alcohols. 
Transition-metal-catalyzed substitution has been proven suitable for direct indole 
functionalization as well. Catalysts such as palladium40-42 and ruthenium43-46 are exceptional in 
the construction of diverse indole scaffolds with allylic and propargylic alcohols as substrates. 
Tamaru and co-workers demonstrated the efficient C3 allylic alkylation of indoles utilizing less-
reactive mono-substituted allyl alcohols 2.22.47 This was achieved with the help of [Pd(PPh3)4] 
(5 mol%) as a catalyst and also the addition of triethylborane (BEt3; 30 mol%), which is 
proposed to coordinate to the hydroxy group and favor the oxidative addition to the palladium(0) 
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center. This transformation proceeds through a Pd-π-allyl intermediate and therefore the 
alkylation is more facile and can be accomplished at lower temperature. A broad scope of 
activated alcohols and indoles worked well with these conditions (Scheme 2.3). 
 
Scheme 2.3 Allylic alkylation of indoles with alcohols. 
Additionally, other transition metal π-allyl complexes have also been shown to activate 
alcohols for displacement by indoles. For example, Breit42 and Pregosin46 explored late-
transition metals, without the need of additives, for Friedel-Crafts reactions using allylic 
alcohols. In the former case, like Tamaru, Breit investigated Pd catalysis, with emphasis on the 
self-assembled monodentate P-ligands 2.24 in the allylation of indoles, which led to efficient 
results at high temperatures. Pregosin reported a regioselective ruthenium (IV) catalyzed 
alkylation of indoles with allylic alcohols in very mild reaction conditions. Specifically, the 
ruthenium (IV) complex 2.25 catalyzed the allylation of electron-rich and electron-poor indole 
systems with allyl alcohol in short reaction times and at room temperature (Figure 2.3).  
 
Figure 2.3 Palladium and ruthenium complexes for allylation of indoles with alcohols. 
 Asymmetric ruthenium-catalyzed Friedel-Crafts C3 propargylation of N-protected 
indoles was reported by Nishibayashi and co-workers.43-45 Propargylic alcohols like 2.27 were 
used as electrophiles and it was observed that the size of the group found at the N1 position 
dramatically affected the enantioselectivity of this reaction compared to an unprotected 1H-
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indole. Thus, introduction of a bulky group at the nitrogen atom of the indole was necessary for 
this reaction to achieve the best results (Scheme 2.4). 
 
  
Scheme 2.4 Ruthenium-catalyzed asymmetric propargylic alkylation of indoles. 
2.1.3B Via C-H Activation 
 Transition metals, like gold, have also played a major role in the introduction of sp3-
hybridized groups to indoles via Heck-type reactions.48 Widenhoefer49 reported the successful 
activation of indoles using gold for cyclization of 2-allenyl derivatives of N-methyl indole 
following the exo-cyclization mode to yield a C3 functionalized compound (Scheme 2.5, eq. 1). 
One example is in the formation of the hydroarylation product 2.31 from achiral allene 2.29 
using chiral gold precatalyst (S)-2.30 and silver tetrafluoroborate (AgBF4). Later, Barluenga
50 
introduced the endo-selective cycloisomerization of allenylindole derivatives which is also 
effectively achieved when the substrate is exposed to a gold catalyst at high temperature (100ºC) 
(Scheme 2.5, eq. 2). An application of a similar gold-catalyzed strategy was shown by Zeldin 
and Toste51 towards the total synthesis of flinderoles B and C. In this work they took advantage 
of the methodology to introduce the pyrrolidine and isobutenyl functionalities as they worked 
towards the desired final product. This intramolecular reaction resulted in the functionalization 
of the C2 position of the indole and high yields of the intermediate 2.35 (Scheme 2.5, eq. 3). 
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While this chemistry provides ready access to complex indoles, the synthesis of the allene 
containing substrates is often lengthy and complex, limiting the scope of these transformations.  
 
Scheme 2.5 Intramolecular hydroarylation of allenyl indoles.  
Powerful modifications of indole have also been obtained through intermolecular C-H 
activation reaction of alkenes. Baran and co-workers52 developed a route to directly synthesize 
N-tert-prenylated indoles 2.38 using Pd-mediated C-H functionalization (Scheme 2.6). 
Interestingly, even though indoles usually are known to be more reactive at the C3 and C2 
position, prenylation under these conditions was observed exclusively at the N1 position.  
 
Scheme 2.6 Direct route to N-tert-prenylindole intermediates.  
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Mechanistic studies show that Pd(II) interacts first with the olefin 2.37 resulting in its 
activation and reaction with the indole, which occurs by two possible paths. The first path 
involves the coordination of the indole nitrogen atom to the Pd center (Scheme 2.7, intermediate 
2.40), whereas the second path involves palladation of the indole at the C3 position followed by 
a metallo-Claisen rearrangement (Scheme 2.7, intermediate 2.41). The final step involves the 
oxidation of Pd(0) with stoichiometric amounts of Ag(I) and Cu(II) salts to close the cycle.  
 
Scheme 2.7 Mechanism of direct indole prenylation. 
While strides have been made with the aforementioned synthetic approaches, these 
transformations are compatible with only a limited scope of electrophiles and selectivity issues 
are still a significant problem.53 Additionally transition-metal catalysis methods are limited due 
to the expensive nature of the catalysts which are often air sensitive. Furthermore, many of these 
reactions require the addition of an additional Lewis acid additive or stoichiometric oxidant 
which leads to the generation of significant waste. 
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2.1.4 Reactions of Indoles and Trichloroacetimidates 
2.1.4A Friedel-Crafts Reactions with Trichloroacetimidates 
The Friedel-Crafts alkylation and acylation are classic C-C bond formation reactions, 
which utilize a Lewis or Brønsted acid to activate the alkyl/acyl halide electrophile, making it a 
better leaving group. Despite the great importance of this reaction, the formation of 
stoichiometric amounts of metal salts as side products is a significant drawback to these 
conditions.14, 16 A modern focus on developing new variants of these reactions now has been 
turned to more environmentally benign processes, with catalytic amounts of an acid catalyst and 
less toxic alkylating reagents being highly desirable. For this purpose, trichloroacetimidates have 
shown to be a great alternative to the traditional alkyl halide in the alkylation of aromatic rings. 
Trichloroacetimidates are readily prepared from the corresponding alcohol with a catalytic 
amount of base and inexpensive trichloroacetonitrile. Alkylation of trichloroacetimidates usually 
proceeds under mild conditions (i.e., catalytic amounts of a Lewis acid) due to the imidate basic 
nitrogen.54, 55 Rearrangement of the imidate leaving group to the trichloroacetamide byproduct 
provides an additional thermodynamic driving force for the alkylation. The less basic acetamide 
byproduct also is a poor Lewis base, which allows the Lewis acid to be used in catalytic 
quantities. 
Trichloroacetimidates have shown to be good electrophiles in the alkylation of many 
functional groups, such as alcohols56-59 (Scheme 2.8, eq. 1), carboxylic acids60-63 (Scheme 2.8, 
eq. 2), thiols64 (Scheme 2.8, eq. 3), and sulfonamides65 (Scheme 2.8, eq. 4), with many of these 
reaction proceeding without the need for a catalyst. The alkylation of alcohols and carboxylic 
acids is limited to more reactive trichloroacetimidates such as diphenylmethyl 
trichloroacetimidate (DPM) 2.42, but thiols can be alkylated with a much broader substrate 
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scope. Sulfonamide substitutions are limited to trichloroacetimidates that are a precursor to a 
stabilized carbocation similar to 2.47. The aniline66-68 (Scheme 2.8, eq. 5) nucleophile required 
catalytic amounts of a catalyst for the reaction to proceed but still presented a varied substrate 
scope.  
 
Scheme 2.8 Selected examples of substitution reactions with trichloroacetimidates. 
Research performed by Schmidt showed that trichloroacetimidates are very versatile 
electrophiles when alkylating electron rich alkenes69, 70 and aromatic systems71-76 in the presence 
of only a catalytic amount of a Lewis acid (Scheme 2.9). Interestingly, these reactions proceeded 
even with electron-deficient benzyl electrophiles (Scheme 2.9, eq. 1) in very good yields76, 
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between 63-81% as seen for 2.52, which provides another advantage of using 
trichloroacetimidates over alkyl halides. 
 
Scheme 2.9 Friedel-Crafts reactions with trichloroacetimidates 
2.1.4B Friedel-Crafts Reactions Between Indoles and Trichloroacetimidates 
A few examples of Friedel-Crafts alkylation between indoles and trichloroacetimidates 
have been reported (Scheme 2.10).54, 55, 72, 74, 77-81 Indole 2.7 itself usually undergoes substitution 
at the C3 position as was demonstrated by Zhu’s group in his elegant one-pot synthesis of 3,3-
disubstituted oxindoles 2.58, where 3-hydroxy-2-oxyindole 2.56 was first activated in the form 
of trichloroacetimidate followed by a Brønsted acid-catalyzed nucleophilic substitution reaction 
(Scheme 2.10, eq. 1).54 Fukuyama’s group employed Friedel-Crafts alkylation with 
trichloroacetimidates more recently in the total synthesis of dictyodendrins A-E, which are 
alkaloids possessing inhibitory activity against telomerase enzymes.79 One of the intermediates 
formed towards the synthesis of dictyondendrin E was indole 2.59, which had the C3 position 
blocked. In this case, C2 alkylation was observed with competing C5 alkylation (Scheme 2.10, 
eq. 2). While some patterns are seen for alkylation reactions between indoles and 
trichloroacetimidates, there are some deviant examples as has been reported by Unverzagt and 
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co-workers.81 Though the indole intermediate 2.62 had the C2 position available, N-alkylation 
was observed with the formation of product 2.63 (Scheme 2.10, eq. 3).   
 
Scheme 2.10 Friedel-Crafts reactions between indoles and trichloroacetimidates 
As shown in the above examples, the Friedel-Crafts alkylation chemistry of indoles with 
trichloroacetimidates can be especially useful in the synthesis of complex indole-based 
structures. Considering the several advantages that trichloroacetimidates pose over alkyl halides, 
we became interested in defining the behavior of these systems to determine the efficiency, 
scope, and regiochemistry that could be expected. These results could then be applied in the 
synthesis of more complex architectures. 
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2.2 Results and Discussion 
2.2.1 Optimization of Indole C3-Alkylation with Trichloroacetimidates 
Initially, the reaction of 2-methylindole 2.64 with 4-nitrobenzyl trichloroacetimidate 2.65 
as the electrophile was studied (Table 2.2). These substrates were chosen due to our interest in 
substituted indoles like 2.5 as inhibitors of the 5'-inositol phosphatase SHIP.12 The nitro group 
present on the trichloroacetimidate 2.65 could be reduced to the corresponding amine resulting in 
further interesting tryptamine analogs of SHIP. Although the presence of the nitro group on the 
benzyl moiety does not favor the alkylated product, this reaction was thought to have a good 
chance of proceeding as similar alkylations with electron rich benzene rings have been reported 
by Schmidt previously.76 Trimethylsilyl trifluoromethanesulfonate (TMSOTf) was chosen as the 
Lewis acid catalyst due to previous studies in our lab on the successful C3 alkylation of 2,3-
disubstituted indoles with trichloroacetimidates, where this catalyst was shown to be optimal.77 
Table 2.2 Optimization of the alkylation of indole 2.64. 
 
Entry       Solvent Temp. (°C) Equiv. 2.65 Yield (%) 
1 DCE (0.25 M) 84 0.9 55 
2 DCM (0.30 M) 45 0.9 48 
3 DCM (0.30 M) rt 0.9 51 
4 DCM (0.10 M) rt 0.9 41 
5 DCE (0.25 M) 84 0.5 59 
6 DCM (0.30 M) rt 0.5 90 
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The investigation for the reaction conditions started with 20 mol% TMSOTf catalyst 
loading, and the reaction was heated in dichloromethane (DCM boiling point = 39.6 °C) and 
dichloroethane (DCE boiling point = 83.5 °C) solvents for 18 hours. Both resulted in ~50% yield 
of the desired C3 alkylated product 2.66, but isolation by silica gel chromatography was difficult 
due to indole polyalkylation side products (Table 2.2, entries 1 and 2). Lowering the reaction 
temperature to room temperature with the aim of minimizing polyalkylation resulted in a slightly 
increased, but not significant, yield of the desired product in DCM (Table 2.2, entry 3). One of 
the main competing products observed by 1H NMR spectroscopy was the C3 dialkylated indole 
2.67 (Figure 2.4). Similar 3,3'-dialkylated indolenines have been observed in previous studies 
with 2,3-disubstituted indoles and trichloroacetimidates.77  
  
Figure 2.4 C3 dialkylation side product.  
In order to favor monoalkylation, both the concentration of the solution (Table 2.2, entry 
4) and the amount of the trichloroacetimidate 2.65 (Table 2.2, entries 5 and 6) were lowered. 
Changing the concentration gave an even more complex mixture of products, but reducing the 
amount of the imidate electrophile showed promise. The use of excess indole also aided in a 
more selective process and facilitated isolation of the desired product. Similar conditions were 
implemented at room temperature (with DCM) and in refluxing DCE for 18 hours. Interestingly, 
the more mild conditions provided the desired C3 benzylated indole product 2.66 in 90% yield, 
whereas heating in refluxing solvent DCE only gave 59% yield of the desired product. Overall, 
the reaction conditions for entry 6 gave us the best results and was chosen for further studies. 
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2.2.2 Scope of Alkylation of 2-Methyl Indole with Different Trichloroacetimidates 
With the optimized conditions in hand for the selective C3 alkylation of indoles, a 
number of different trichloroacetimidate electrophiles were then explored to determine the scope 
of the reaction (Table 2.3). Benzylic trichloroacetimidates with the nitro substitution at the para-, 
meta-, and ortho- positions performed very well with high yields ranging from 73%-90% (Table 
2.3, entries 1-3). Adding more nitro groups to the benzyl ring, like in the case of 3,5-
dinitrobenzyl imidate 2.75, gave a more moderate isolated yield of 44% (Table 2.3, entry 4). This 
result was due to difficulties in separating side products as the conversion appeared similar to 
entries 1-3 by crude 1H NMR analysis. Other electron-poor benzylic imidates like 2.77 and even 
heteroaromatic systems like 2.79 were successfully employed in their transformations into the C3 
alkylated products (Table 2.3, entries 5 and 6). Secondary benzylic imidates were also well 
tolerated, as shown for indoles 2.82 and 2.83 (Table 2.3, entries 7 and 8). 
Indole alkylations with electron-rich imidates, such as 4-methoxybenzyl 2.84, allyl 2.87, 
and phthalimidomethyl 2.53 trichloroacetimidates, only gave complex mixtures under the 
standard reaction conditions due to polyalkylation of the indole. In addition, this polyalkylation 
made isolation of the desired C3-alkylation products very difficult (Table 2.3, entries 9, 11 and 
13). Attempts to optimize conditions for these more reactive systems by lowering temperatures, 
varying reaction times and/or using weaker Lewis acids (SnCl2, Sc(OTf)3) were unsuccessful. 
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Table 2.3 Alkylation of 2-methylindoles with imidates 
 
Entry Indole Imidate Product Yield (%) 
1 2.64   90 
2 2.64   73 
3 2.64   79 
4 2.64   44 
5 2.64   73 
6 2.64   73 
7 2.64   60 
8 2.64   51 
9 
10 
2.64 
2.68   
0a (2.85) 
91 (2.86) 
11 
12 
2.64 
2.68   
0a (2.88) 
28 (2.89) 
13 
14 
2.64 
2.68   
0a (2.90) 
38 (2.91) 
aProduct could not be isolated from complex mixture. 
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We hypothesized that polyalkylation could be diminished by blocking the C5 alkylation 
site on the indole with an electron-withdrawing group like a nitro substituent. We re-subjected 
the imidates 2.84, 2.87 and 2.53 to the reaction conditions with 5-nitro-2-methylindole 2.68 and 
obtained significantly higher yields in all three cases (Table 2.3, entries 10, 12 and 14). These 
results supported the assumption that the parent indole 2.64 is too reactive for alkylation 
reactions when utilizing highly reactive imidates, which in turn leads to more undesired side 
products. 
2.2.3 Scope of Alkylation of Different Indoles with 4-Nitrobenzyl Trichloroacetimidate 
The scope of the reaction was now investigated with respect to the indole nucleophile 
partner (Table 2.4). Indole itself (compound 2.7) proved to be an effective substrate under these 
conditions, providing 72% yield of the desired benzylated indole product 2.94 (Table 2.4, entry 
1). Halogenated indoles at the 5-position decreased the reactivity of the indole, providing slightly 
lower yields of ~50% with fluorine, chlorine, or bromine substituents (Table 2.4, entries 2-4). 
Changing the halogen to the 6-position was better tolerated with a 70% yield as seen in the 
formation of the alkylated 6-chloro indole 2.102 (Table 2.4, entry 5). Addition of a substituent at 
the C2 position, with either a methyl or phenyl group, provided high yields of the C3 alkylated 
product as expected due to less competing side products (Table 2.4, entries 6 and 7). Analysis of 
2,5-disubstituted indole systems (Table 2.4, entries 8-10) showed good yields of the 
corresponding C3-benzylated indoles. Interestingly, even though there were fewer available sites 
on the indole ring for competing alkylated products, incorporation of electron-withdrawing or 
electron-donating substituents at the C5 position decelerated the alkylation reaction with 
imidates. 
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Table 2.4 Alkylation of different indoles with 4-nitrobenzyl trichloroacetimidate 
 
Entry Indole Product Yield (%) 
1   72 
2   49 
3   51 
4   45 
5   70 
6   90 
7   83 
8   53 
9   65 
10   82 
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2.2.4 C2-Alkylation of C3-Substituted Indoles  
Examination of the results presented in Table 2.4 revealed a useful trend, in which C2 
substituted indoles provided higher yields compared to those that did not possess a C2 
substituent. Since this type of alkylation is known to provide polyalkylated side products, we 
hypothesized that this observation was due to dialkylation at both the C3 and C2 positions in 
cases where C2 was available. Therefore in cases where C3 is already alkylated it may be 
possible to selectively alkylate the indole at the C2 position. To investigate this possibility, 
indoles 2.94 and 2.112 were subjected to slightly modified conditions and treated with allyl 
imidate 2.87 (Scheme 2.11, eq. 1). A complex mixture of C and N alkylation isomers was 
observed, but careful purification by column chromatography resulted in the isolation of the 2-
allyl indole products 2.111 and 2.113. While a 17% yield was observed for indole 2.111, an 
increase in yield (25%) was observed when the indole nitrogen was protected as in the case of 
tryptamine 2.112 (Scheme 2.11, eq. 2). C2 alkylation of the same protected tryptamine with the 
more reactive para-methoxybenzyl trichloroacetimidate (PMB) 2.84 was achieved with 57% 
yield (Scheme 2.11, eq. 2). Although only partially selective, these examples demonstrate a 
convenient method for the modular addition of alkyl and/or benzyl groups to a functionalized 
indole core. This may be a useful tool for the preparation of a diverse range of indoles for 
biological evaluation. 
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Scheme 2.11. Alkylation of 3-substituted indoles at C2. 
2.2.5 Mechanistic Discussions 
 The results of Table 2.1 are consistent with two different types of mechanisms, dependent 
on the structure of the trichloroacetimidate electrophile. Primary benzylic imidates 
functionalized with electron withdrawing groups are believed to follow an SN2 mechanism 
(Scheme 2.7), whereas electron rich primary benzylic imidates and secondary benzylic imidates, 
such as the DPM imidate 2.42, can only be reasonably explained by the SN1 mechanism (Scheme 
2.8). 
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Scheme 2.12 Proposed SN2 mechanism for the alkylation of indoles with imidates. 
 In both cases, it is believed that TMSOTf coordinates to the nitrogen present on the 
imidate, which activates the imidate, making it a better electrophile. When the SN1 mechanism is 
operative, a key carbocation intermediate 2.122 is formed, which is stabilized by aromatic rings 
in the case of the DPM imidates 2.42 and 2.81, followed by fast reaction of the indole 
nucleophile with the alkyl group and re-aromatization of the indole ring. As seen on the last step 
for both mechanisms, the formation of a trichloroacetamide side product 2.118 provides a second 
thermodynamic driving force for this alkylation reaction.  
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Scheme 2.13 Proposed SN1 mechanism for the alkylation of indoles with imidates. 
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2.3 Conclusion 
An efficient methodology for the regioselective monoalkylation of indoles using 
trichloroacetimidates as alkylating agents has been established. The reaction proceeds best when 
an excess of the indole nucleophile is utilized to avoid polyalkylation. A number of electron-
deficient trichloroacetimidates and substituted indoles have been studied and showed effective 
transformation into the desired monoalkylated product. On the other hand, electron-rich benzylic 
trichloroacetimidates were more troublesome and only provided the C3 alkylated product when 
reacted with the less reactive 5-nitro-2-methylindole. This study also showed that selective C2 
alkylation is also possible with our protocol in specific cases. This work provides a more 
environmentally friendly alternative to the classic Friedel-Crafts conditions. It is also an 
excellent method to access different C3-benzyl indoles for biological evaluation, which should 
facilitate studies of their pharmacological properties.   
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2.4 Experimental 
General Experimental Information: 
All anhydrous reactions were run under a positive pressure of argon. DCM was dried by passage 
through an alumina column following the method of Grubbs.82 Silica gel column 
chromatography was performed using 60 Å silica gel (230−400 mesh). Melting points are 
uncorrected. 
 
Preparation of trichloroacetimidates: 
 
To a round bottom flask under argon was added the alcohol (0.65 g, 3.26 mmol), DBU (0.05 mL, 
0.33 mmol) and dichloromethane (11 mL). The reaction mixture was stirred for 15 minutes and 
cooled to 0 oC, then trichloroacetonitrile (0.42 mL, 4.24 mmol) was added dropwise. The 
reaction mixture was allowed to warm to room temperature and stirred for 18 h. The solvent was 
then removed under reduced pressure. Purification of the residue by silica gel chromatography 
(25% ethyl acetate/2% triethylamine/73% hexanes solvent system) provided imidate 2.75 as a 
cream solid. 
(3,5‐Dinitrophenyl)methyl 2,2,2-trichloroacetimidate (2.75). Cream solid (1.02 g, 92%); mp = 
58-60 oC; TLC Rf = 0.57 (50% ethyl acetate/50% hexanes); IR (thin film) 3330, 1664, 1536, 
1340 cm-1; 1H NMR (400 MHz, CDCl3) δ 9.03 (bs, 1H), 8.65 (d, J = 2.0 Hz, 2H), 8.58 (bs, 1H), 
5.54 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 161.8, 148.7, 140.1, 127.6, 118.6, 90.5, 67.8. Anal. 
Calcd for C9H6Cl3N3O5: C, 31.56; H, 1.77; N, 12.27. Found: C, 31.96 ; H, 1.72 ; N, 12.05. 
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To a round bottom flask under argon was added the alcohol (1.80 g, 5.97 mmol), DBU (0.09 mL, 
0.597 mmol) and dichloromethane (20 mL). The reaction mixture was stirred for 15 minutes and 
cooled to 0 oC, then trichloroacetonitrile (0.78 mL, 7.76 mmol) was added dropwise. The 
reaction mixture was allowed to warm to rt stirred for 18 h. The solvent was then removed under 
reduced pressure. Purification of the residue by silica gel chromatography (10% ethyl acetate/2% 
triethylamine/88% hexanes solvent system) provided imidate 2.79 as a white solid. 
[1‐(4‐Methylbenzenesulfonyl)‐1H‐indol‐3‐yl]methyl 2,2,2‐trichloroacetimidate (2.79). White 
solid (3.08 g, 94%); mp = 91-92 °C; TLC Rf = 0.56 (30% ethyl acetate/70% hexanes); IR (thin 
film) 3333, 3126, 3066, 1664, 1597 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.44 (br s, 1H), 7.98 (d, 
J = 8.4 Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.69 (s, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.34 (t, J = 7.2 
Hz, 1H), 7.28-7.22 (m, 3H), 5.45 (s, 2H), 2.35 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 162.5, 
145.1, 135.2, 129.9, 129.6, 126.9, 126.0, 125.1, 123.5, 121.3, 119.9, 116.7, 113.7, 91.3, 62.9, 
21.6. Anal. Calcd for C18H15Cl3N2O3S: C, 48.50; H, 3.39; N, 6.28; Found: C, 48.43; H, 3.22; N, 
6.46. 
General procedure for C3-monoalkylation of indoles: 
In a flame dried flask, the imidate (1.0 equiv) was dissolved in anhydrous DCM (0.3M). The 
indole (2.0 equiv) was then added. To this solution, freshly distilled TMSOTf (0.2 equiv) was 
added and the resulting mixture was stirred at room temperature for 18 h. The reaction mixture 
was then quenched with 10 mL 1M NaOH. The organic layer was separated and the aqueous 
layer was extracted with DCM (3 x 5 mL). The combined organic layers were dried over sodium 
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sulfate, filtered and concentrated. The residue was purified by silica gel chromatography using 
the solvent systems listed for each compound. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
2‐Methyl‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.66).83 Yellow solid (0.16 g, 90%); mp = 
124-125 °C; TLC Rf = 0.46 (30% ethyl acetate/70% hexanes); 
1H NMR (400 MHz, CDCl3) δ 
8.12 (d, J = 8.8 Hz, 2H), 7.90 (br s, 1H), 7.37 (d, J = 8.8 Hz, 2H), 7.34-7.32 (m, 2H), 7.16 (t, J = 
8.0 Hz, 1H), 7.06 (t, J = 8.0 Hz, 1H), 4.18 (s, 2H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 
149.5, 146.3, 135.3, 132.0, 129.0, 128.4, 123.6, 121.4, 119.6, 117.9, 110.4, 108.9, 30.1, 11.8. 
 
Synthesized from the known imidate 2.71,64 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
2-Methyl-3-[(4‐nitrophenyl)methyl]-1H-indole (2.72). Yellow solid (0.13 g, 73%); mp = 128-
129 °C; TLC Rf = 0.39 (30% ethyl acetate/70% hexanes); IR (thin film) 3415, 2925, 2887, 1520, 
1348 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.07 (s, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.87 (br s, 1H), 
7.53 (d, J = 7.2 Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H), 7.12 (t, J = 7.6 Hz, 
1H), 7.02 (t, J = 8.0 Hz, 1H), 4.16 (s, 2H), 2.43 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.4, 
143.8, 135.4, 134.5, 132.0, 129.2, 128.4, 123.1, 121.4, 121.0, 119.6, 117.9, 110.4, 109.1, 29.9, 
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11.8. Anal. Calcd for C16H14N2O2: C, 72.17; H, 5.30; N, 10.52; Found: C, 71.92; H, 5.26; N, 
10.58. 
 
Synthesized from the known imidate 2.73,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
2-Methyl-3-[(4‐nitrophenyl)methyl]-1H-indole (2.74). Orange solid (0.14 g, 79%); mp = 105-
107 °C; TLC Rf = 0.41 (30% ethyl acetate/70% hexanes); IR (thin film) 3417, 1520, 1460, 1348 
cm-1; 1H NMR (400 MHz, CDCl3) δ 7.91 (dd, J = 8.0, 1.6 Hz, 1H), 7.88 (br s, 1H), 7.38 (td, J = 
7.6, 1.6 Hz, 1H), 7.33-7.29 (m, 2H), 7.22 (d, J = 7.6 Hz, 1H), 7.16 (d, J = 8.8 Hz, 1H), 7.14-7.09 
(m, 1H), 7.02-6.98 (m, 1H), 4.38 (s, 2H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 149.5, 
136.3, 135.5, 132.94, 132.88, 131.1, 128.7, 126.9, 124.4, 121.3, 119.5, 118.1, 110.5, 107.8, 26.8, 
11.7 . Anal. Calcd for C16H14N2O2: C, 72.17; H, 5.30; N, 10.52; Found: C, 72.57; H, 5.04; N, 
10.46. 
 
Synthesized from imidate 2.75, purified using silica gel chromatography (10% ethyl acetate/90% 
hexanes solvent system and 2% ethyl acetate/98% toluene). 
3‐[(3,5‐Dinitrophenyl)methyl]‐2‐methyl‐1H‐indole (2.76). Orange solid (0.08 g, 44%); mp = 
179-180 °C; TLC Rf = 0.46 (30% ethyl acetate/70% hexanes); IR (thin film) 3389, 1538, 1458, 
1342 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 8.37 (t, J = 0.8 Hz, 2H), 7.97 (br s, 1H), 
7.32 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 7.14 (td, J = 8.0, 0.8 Hz, 1H), 7.04 (td, J = 8.0, 
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0.8 Hz, 1H), 4.26 (s, 2H), 2.46 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.6, 146.5, 135.4, 
132.4, 128.3, 127.9, 121.8, 120.0, 117.5, 116.6, 110.6, 107.6, 30.0, 11.9. Anal. Calcd for 
C16H13N3O4: C, 61.73; H, 4.21; N, 13.50; Found: C, 61.97; H, 4.20; N, 13.44. 
 
Synthesized from the known imidate 2.77,76 purified using silica gel chromatography (10% ethyl 
acetate/90% toluene solvent system). 
4‐[(2‐Methyl‐1H‐indol‐3‐yl)methyl]benzonitrile (2.78). Purple solid (0.13 g, 73%); mp = 110-
112 °C; TLC Rf = 0.34 (10% ethyl acetate/90% toluene); IR (thin film) 3457, 2221, 1605, 1460 
cm-1; 1H NMR (400 MHz, CDCl3) δ 7.86 (br s, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 
4H), 7.12 (td, J = 7.2, 0.8 Hz, 1H), 7.03 (td, J = 8.0, 1.2 Hz, 1H), 4.11 (s, 2H), 2.39 (s, 3H); 13C 
NMR (100 MHz, CDCl3) δ 147.4, 135.3, 132.2, 132.0, 129.0, 128.5, 121.4, 119.5, 119.2, 118.0, 
110.4, 109.5, 109.0, 30.3, 11.8. Anal. Calcd for C17H14N2: C, 82.90; H, 5.73; N, 11.37; Found: C, 
82.56; H, 5.53; N, 11.25. 
 
Synthesized from imidate 2.79, purified using silica gel chromatography (15% ethyl acetate/85% 
hexanes solvent system). 
2‐Methyl‐3‐{[1‐(4‐methylbenzenesulfonyl)‐1H‐indol‐3‐yl]methyl}c‐1H‐indole (2.80). Maroon 
Solid (0.33 g, 73%); mp = 138-139 °C; TLC Rf = 0.37 (30% ethyl acetate/70% hexanes); IR 
(thin film) 3424, 1359, 1169 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.3 Hz, 1H), 7.84 
(br s, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 7.7 Hz, 1H), 7.31-7.25 (m, 3H), 7.20 (td, J = 7.8, 
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0.9 Hz, 1H), 7.16-7.10 (m, 3H), 7.06 (s, 1H), 6.99 (td, J = 7.9, 0.9 Hz, 1H), 4.03 (d, J = 1.1 Hz, 
2H), 2.37 (s, 3H), 2.33 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 144.5, 135.7, 135.4, 135.2, 131.6, 
131.1, 129.7, 128.6, 126.8, 126.7, 124.6, 123.9, 123.1, 121.1, 119.5, 119.2, 118.3, 113.9, 110.3, 
108.3, 21.5, 20.1, 11.8. Anal. Calcd for C25H22N2O2S: C, 72.44; H, 5.35; N, 6.76; Found: C, 
72.71; H, 5.58; N, 6.85. 
 
Synthesized from the known imidate 2.81,84 purified using silica gel chromatography (5% ethyl 
acetate/95% hexanes solvent system and 2% ethyl acetate/98% toluene). 
2‐Methyl‐3‐[(4‐nitrophenyl)(phenyl)methyl]‐1H‐indole (2.82). Yellow oil (0.11 g, 60%); TLC 
Rf = 0.40 (20% ethyl acetate/80% hexanes); 
1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 8.8 Hz, 
2H), 7.90 (br s, 1H), 7.40 (d, J = 8.8 Hz, 2H), 7.35-7.7.26 (m, 4H), 7.22 (d, J = 6.8 Hz, 2H), 7.12 
(td, J = 6.8, 1.6 Hz, 1H), 6.98-6.92 (m, 2H), 5.83 (s, 1H), 2.26 (s, 3H); 13C NMR (100 MHz, 
CDCl3) δ 151.9, 146.4, 142.2, 135.3, 132.4, 129.9, 129.0, 128.6, 127.9, 126.7, 123.5, 121.2, 
119.6, 119.1, 112.7, 110.4, 47.8, 12.4. 
 
Synthesized from the known imidate 2.42,85 purified using silica gel chromatography (5% ethyl 
acetate/95% hexanes solvent system). 
3‐(Diphenylmethyl)‐2‐methyl‐1H‐indole (2.83).86 White solid (0.14 g, 51%); mp = 159-161 
°C; TLC Rf = 0.39 (20% ethyl acetate/80% hexanes); 
1H NMR (400 MHz, CDCl3) δ 7.77 (br s, 
1H), 7.28-7.18 (m, 11H), 7.07-6.99 (m, 2H), 6.88 (td, J = 8.0, 0.8 Hz, 1H), 5.74 (s, 1H), 2.20 (s, 
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3H); 13C NMR (100 MHz, CDCl3) δ 143.8, 135.2, 132.0, 129.2, 128.5, 128.2, 126.0, 120.8, 
119.5, 119.2, 114.1, 110.1, 47.8, 12.4. 
 
Synthesized from the known imidate 2.84,79 purified using silica gel chromatography (10% 
hexanes/90% dichloromethane solvent system). 
3‐[(4‐Methoxyphenyl)methyl]‐2‐methyl‐5‐nitro‐1H‐indole (2.86). Orange solid (0.27 g, 91%); 
mp = 162-163 °C; TLC Rf = 0.36 (10% hexanes/90% dichloromethane); IR (thin film) 3310, 
1625, 1610, 1505, 1301, 1240 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 2.0 Hz, 1H), 8.06 
(br s, 1H), 7.95 (dd, J = 9.2, 2.4 Hz, 1H), 7.21 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 8.4 Hz, 2H), 6.73 
(d, J = 8.4 Hz, 2H), 3.96 (s, 2H), 3.70 (s, 3H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 
158.0, 141.7, 138.4, 134.9, 132.5, 129.0, 128.4, 117.1, 115.5, 114.0, 113.6, 109.9, 55.3, 29.0, 
12.0. Anal. Calcd for C17H16N2O3: C, 68.91; H, 5.44; N, 9.45; Found: C, 68.86; H, 5.33; N, 9.28. 
 
Synthesized from the known imidate 2.87,87 purified using silica gel chromatography (10% 
hexanes/90% dichloromethane solvent system). 
2‐Methyl‐5‐nitro‐3‐(prop‐2‐en‐1‐yl)‐1H‐indole (2.89). Dark yellow solid (0.03 g, 28%); mp = 
153-154 °C; TLC Rf = 0.45 (10% hexanes/90% dichloromethane); IR (thin film) 3348, 1521, 
1313 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.38 (d, J = 2.0 Hz, 1H), 8.05 (br s, 1H), 7.97 (dd, J = 
9.2, 2.4 Hz, 1H), 7.21 (d, J = 8.8 Hz, 1H), 5.94-5.85 (m, 1H), 4.98 (dd, J = 16.4, 10.0 Hz, 2H), 
3.41 (d, J = 6.0 Hz, 2H), 2.34 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 141.6, 138.3, 136.3, 134.7, 
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128.3, 117.0, 115.5, 115.3, 111.9, 109.9, 28.2, 11.8. Anal. Calcd for C12H12N2O2: C, 66.65; H, 
5.59; N, 12.96; Found: C, 66.88; H, 5.52; N, 13.08. 
 
Synthesized from the known imidate 2.53,88 purified using silica gel chromatography (10% ethyl 
acetate/90% dichloromethane solvent system). 
2‐[(2‐Methyl‐5‐nitro‐1H‐indol‐3‐yl)methyl]‐2,3‐dihydro‐1H‐isoindole‐1,3‐dione (2.91). 
Yellow solid (0.08 g, 38%); mp = 255-258 °C; TLC Rf = 0.55 (10% ethyl acetate/90% 
dichloromethane); IR (thin film) 3318, 1713, 1509, 1317 cm-1; 1H NMR (400 MHz, CDCl3) δ 
8.84 (d, J = 2.0 Hz, 1H), 8.11 (br s, 1H), 7.97 (dd, J = 8.8, 2.0 Hz, 1H), 7.76 (dd, J = 5.6, 3.2 Hz, 
2H), 7.61 (dd, J = 5.6, 3.2 Hz, 2H), 7.19 (d, J = 8.8 Hz, 1H), 4.92 (s, 2H), 2.63 (s, 3H); 13C NMR 
(100 MHz, DMSO) δ 168.4, 141.0, 139.9, 138.8, 135.0, 132.0, 127.5, 123.6, 116.6, 115.6, 111.3, 
109.1, 31.5, 12.0. Anal. Calcd for C18H13N3O4: C, 64.48; H, 3.91; N, 12.53; Found: C, 64.26; H, 
3.91; N, 13.01. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (15% ethyl 
acetate/85% hexanes solvent system). 
3-(4-nitrobenzyl)-1H-indole (2.94).89 Yellow solid (0.92 g, 72%); mp = 118-121 °C; TLC Rf = 
0.48 (30% ethyl acetate/70% hexanes); 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.8 Hz, 2H), 
7.98 (br s, 1H), 7.35 (d, J = 8.8 Hz, 3H), 7.32 (d, J = 8.0 Hz, 1H), 7.14 (td, J = 7.2, 1.2 Hz, 1H), 
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7.02 (td, J = 8.0, 0.8 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 4.15 (s, 2H); 13C NMR (100 MHz, 
CDCl3) δ 149.1, 136.4, 139.4, 127.1, 124.0, 123.7, 122.6, 122.5, 119.7, 118.8, 113.9, 111.3, 31.6. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
5‐Fluoro‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.96). Yellow solid (0.09 g, 49%); mp = 84-86 
°C; TLC Rf = 0.42 (30% ethyl acetate/70% hexanes); IR (thin film) 3461, 1505, 1334, 444 cm
-1; 
1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.8 Hz, 2H), 8.12 (br s, 1H), 7.43 (d, J = 8.8 Hz, 2 H), 
7.33 (dd, J = 8.8, 4.4 Hz, 1 H), 7.08-7.05 (m, 2H), 6.98 (td, J = 9.2, 2.4 Hz, 1H), 4.19 (s, 2H); 
13C NMR (100 MHz, CDCl3) δ 157.8 (d, J = 234 Hz), 148.7, 146.5, 133.0, 129.3, 127.5 (d, J = 
10 Hz), 124.4, 123.7, 114.0 (d, J = 5 Hz), 112.0 (d, J = 9 Hz), 110.8 (d, J = 20 Hz), 103.8 (d, J = 
24 Hz), 31.5. Anal. Calcd for C15H11FN2O2: C, 66.66; H, 4.10; N, 10.37; Found: C, 66.72; H, 
3.95; N, 10.17. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
5‐Chloro‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.98). Cream solid (0.10 g, 51%); mp = 148-
149 °C; TLC Rf = 0.33 (30% ethyl acetate/70% hexanes); IR (thin film) 3344, 1692, 1604, 1507, 
1337 cm-1; 1H NMR (300 MHz, CDCl3) δ 8.15 (d, J = 11.2 Hz, 2H), 8.08 (br s, 1H), 7.40 (d, J = 
11.2 Hz, 3H), 7.31 (d, J = 11.6 Hz 1H), 7.16 (dd, J = 11.6, 2.8 Hz, 1H), 7.02 (d, J = 3.2 Hz, 1H), 
4.17 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 148.6, 146.6, 134.8, 129.6, 129.3, 128.2, 125.6, 
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124.0, 123.8, 118.3, 113.7, 112.3, 31.4. Anal. Calcd for C15H11ClN2O2: C, 62.84; H, 3.87; N, 
9.77; Found: C, 62.97; H, 3.90; N, 9.44. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (15% ethyl 
acetate/85% hexanes solvent system). 
5‐Bromo‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.100). Cream solid (0.05 g, 45%); mp = 163-
165 °C; TLC Rf = 0.35 (30% ethyl acetate/70% hexanes); IR (thin film) 3334, 1507, 1336, 597 
cm-1; 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.8 Hz, 2H), 8.02 (br s, 1H), 7.48 (s, 1H), 7.33 
(d, J = 8.4 Hz, 2H), 7.24-7.18 (m, 2H), 6.92 (d, J = 2.0 Hz, 1H), 4.10 (s, 2H); 13C NMR (100 
MHz, CDCl3) δ 148.5, 135.1, 129.3, 128.9, 125.4, 123.81, 123.77, 121.4, 113.6, 113.1, 112.8, 
77.2, 31.3. Anal. Calcd for C15H11BrN2O2: C, 54.40; H, 3.35; N, 8.46; Found: C, 54.49; H, 3.45; 
N, 8.46. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
6‐Chloro‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.102). Yellow solid (0.14 g, 70%); mp = 
164.5-166 °C; TLC Rf = 0.41 (30% ethyl acetate/70% hexanes); IR (thin film) 3417, 1508, 1334, 
748 cm-1; 1H NMR (300 MHz, CDCl3) δ 8.14 (d, J = 8.7 Hz, 2H), 8.04 (br s, 1H), 7.41 (s, 1H), 
7.38 (s, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.05 (dd, J = 8.4, 1.8 Hz, 1 H), 6.99 (d, J = 2.1 Hz, 1H), 
4.19 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 148.7, 146.5, 136.8, 129.3, 128.5, 125.7, 123.7, 
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123.2, 120.5, 119.7, 114.1, 111.3, 31.4. Anal. Calcd for C15H11ClN2O2: C, 62.84; H, 3.87; N, 
9.77; Found: C, 62.82; H, 3.92; N, 9.51. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
3‐[(4‐Nitrophenyl)methyl]‐2‐phenyl‐1H‐indole (2.104). Yellow solid (0.28 g, 83%); mp = 134-
137 °C; TLC Rf = 0.50 (30% ethyl acetate/70% hexanes); IR (thin film) 3410, 1597, 1521, 1350 
cm-1; 1H NMR (400 MHz, CDCl3) δ 8.21 (br s, 1H), 8.11 (d, J = 8.8 Hz, 2H), 7.48-7.43 (m, 5H), 
7.41-7.34 (m, 4H), 7.23 (dd, J = 8.0, 0.8 Hz, 1H), 7.11-7.07 (m, 1H), 4.36 (s, 2H); 13C NMR 
(100 MHz, CDCl3) δ 149.4, 146.4, 136.0, 135.9, 132.5, 129.1, 129.0, 128.5, 128.2, 127.9, 123.7, 
122.8, 120.2, 119.1, 111.0, 109.4, 30.6. Anal. Calcd for C21H16N2O2: C, 76.81; H, 4.91; N, 8.53; 
Found: C, 76.71; H, 4.70; N, 8.34. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
2,5‐Dimethyl‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.106). Brown solid (0.15 g, 53%); mp = 
148-149 °C; TLC Rf = 0.50 (30% ethyl acetate/70% hexanes); IR (thin film) 3387, 1594, 1513, 
1340 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.8 Hz, 2H), 7.77 (br s, 1H), 7.34 (d, J = 
8.8 Hz, 2H), 7.19 (d, J = 8.0 Hz, 1H), 7.08 (s, 1H), 6.95 (dd, J = 8.0, 0.8 Hz, 1H), 4.13 (s, 2H), 
2.38 (d, J = 4.8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 149.6, 146.3, 133.6, 132.1, 128.93, 
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128.87, 128.7, 123.6, 122.9, 117.7, 110.0, 108.4, 30.1. 21.5, 11.8. Anal. Calcd for C17H16N2O2: 
C, 72.84; H, 5.75; N, 9.99; Found: C, 73.01; H, 5.67; N, 9.89.  
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% ethyl 
acetate/90% hexanes solvent system). 
5‐Methoxy‐2‐methyl‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.108). Brown solid (0.19 g, 
65%); mp = 117-118 °C; TLC Rf = 0.60 (30% ethyl acetate/70% hexanes); IR (thin film) 3380, 
1592, 1515, 1342 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 8.4 Hz, 2H), 7.76 (br s, 1H), 
7.35 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.8 Hz, 1H), 6.79 (dd, J = 8.8, 2.4 Hz, 1H), 6.75 (d, J = 2.4 
Hz, 1H), 4.12 (s, 2H), 3.77 (s, 3H), 2.37 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 154.2, 149.4, 
146.3, 133.0, 130.4, 129.0, 128.9, 123.6, 111.0, 110.7, 108.7, 100.6, 55.9, 30.1, 11.9. Anal. 
Calcd for C17H16N2O3: C, 68.91; H, 5.44; N, 9.45; Found: C, 68.78; H, 5.32; N, 9.24. 
 
Synthesized from the known imidate 2.65,77 purified using silica gel chromatography (10% 
hexanes/90% dichloromethane solvent system). 
2‐Methyl‐5‐nitro‐3‐[(4‐nitrophenyl)methyl]‐1H‐indole (2.110). Yellow solid (0.17 g, 82%); 
mp = 218-219.5 °C; TLC Rf = 0.33 (10% hexanes/90% dichloromethane); IR (thin film) 3358, 
1516, 1505, 1329, 1319 cm-1; 1H NMR (400 MHz, DMSO) δ 11.73 (br s, 1H), 8.33 (d, J = 2.0 
Hz, 1H), 8.14 (d, J = 8.8 Hz, 2H), 7.92 (dd, J = 2.4, 8.8 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.43 
(d, J = 8.0 Hz, 1H), 4.27 (s, 2H), 2.43 (s, 3H); 13C NMR (75 MHz, DMSO) δ 150.2, 146.3, 
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140.8, 139.1, 137.7, 129.8, 127.9, 124.1, 116.4, 114.9, 111.4, 111.3, 29.3, 11.9. Anal. Calcd for 
C16H13N3O4: C, 61.73; H, 4.21; N, 13.50; Found: C, 61.60; H, 4.03; N, 13.45. 
 
In a flame dried flask, the known imidate 2.87 87 (0.14 g, 0.71 mmol) was dissolved in anhydrous 
DCM (3 mL). Indole 2.94 (0.20 g, 0.79 mmol) was then added. To this solution freshly distilled 
TMSOTf (0.29 μL, 0.16 mmol) was added and the resulting mixture was stirred at room 
temperature for 18 h. The reaction mixture was then quenched with 10 mL 1M NaOH. The 
organic layer was separated and the aqueous layer was extracted with DCM (3x). The combined 
organic layers were dried over sodium sulfate, filtered and concentrated. Purification of the 
residue by silica gel chromatography (15% ethyl acetate/85% hexanes) provided indole 2.111 as 
a yellow solid. 
3‐[(4‐nitrophenyl)methyl]‐2‐(prop‐2‐en‐1‐yl)‐1H‐indole (2.111). Yellow solid (0.04 g, 17%); 
mp = 127-129 °C; TLC Rf = 0.55 (30% ethyl acetate/70% hexanes); IR (thin film) 3382, 1603, 
1511, 1339, 1227, 1096, 1010 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.8 Hz, 2H), 7.95 
(br s, 1H), 7.33 (t, J = 8.8 Hz, 4H), 7.14 (t, J = 7.8 Hz, 1H), 7.04 (t, J = 7.8 Hz, 1H), 5.96-5.86 
(m, 1H), 5.19-5.18 (m, 1H), 5.15 (d, J = 1.2 Hz, 1H), 4.17 (s, 2H), 3.50 (d, J = 6.4 Hz, 2H); 13C 
NMR (100 MHz, CDCl3) δ 149.5, 146.3, 135.5, 134.4, 133.5, 129.0, 128.4, 123.6, 121.7, 119.7, 
118.3, 117.6, 110.7, 109.1, 30.8, 30.0. Anal. Calcd for C18H16N2O2: C, 73.95; H, 5.52; N, 9.58; 
Found: C, 73.99; H, 5.23; N, 9.93. 
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N-Phathalimidotryptamine90 (1.000 g, 3.45 mmol) was dissolved in 13.8 mL of acetonitrile under 
argon at room temperature. 2,4-dichlorobenzyl chloride (0.956 mL, 6.90 mmol) was then added 
followed by cesium carbonate (3.360 g, 10.34 mmol). The reaction mixture was then heated to 
reflux for 6 h and then allowed to cool to room temperature. The crude reaction mixture was 
diluted with diethyl ether and filtered. The filtrate was washed with water (3x) and brine (3x), 
dried over sodium sulfate, filtered and concentrated. The residue was purified using silica gel 
chromatography (20% ethyl acetate/80% hexanes solvent system). 
2‐(2‐{1‐[(2,4‐Dichlorophenyl)methyl]‐1H‐indol‐3‐yl}ethyl)‐2,3‐dihydro‐1H‐isoindole‐1,3‐
dione (2.112). Yellow solid (0.95 g, 44%); mp = 172-173 °C; TLC Rf = 0.44 (30% ethyl 
acetate/70% hexanes); IR (thin film) 1768, 1710, 1464, 1432, 1400, 1361, 1326, 1176, 1049 cm-
1; 1H NMR (400 MHz, CDCl3) δ 7.81 (q, J = 3.2 Hz, 2H), 7.74 (d, J = 8.8 Hz, 1H), 7.70 (q, J = 
3.2 Hz, 2H), 7.40 (d, J = 2.0 Hz, 1H), 7.18-7.11 (m, 3H), 7.01 (dd, J = 8.4, 2.0 Hz, 1H), 6.99 (s, 
1H), 6.43 (d, J = 8.4 Hz, 1H), 5.30 (s, 2H), 4.02 (t, J = 7.6 Hz, 2H), 3.18 (t, J = 7.6 Hz, 2H); 13C 
NMR (100 MHz, CDCl3) δ 168.3, 136.5, 133.88, 133.86, 133.84, 132.9, 132.2, 129.3, 128.9, 
128.1, 127.5, 126.0, 123.2, 122.3, 119.6, 119.2, 112.3, 109.5, 47.0, 38.6, 24.3. Anal. Calcd for 
C25H18Cl2N2O2: C, 66.83; H, 4.04; N, 6.23; Found: C, 66.55; H, 3.90; N, 6.03. 
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In a flame dried flask, imidate 2.8787 (0.081 g, 0.40 mmol) was dissolved in anhydrous DCM 
(1.5 mL).  Indole 2.112 was then added (0.20 g, 0.45 mmol). To this solution freshly distilled 
TMSOTf (16 μL, 0.089 mmol) was added. After 18 h at rt  the reaction mixture was quenched 
with 10 mL 1M NaOH. The organic layer was separated and the aqueous layer was extracted 
with DCM (3 x 5 mL). The combined organic layers were dried over sodium sulfate, filtered and 
concentrated. Purification of the residue by silica gel chromatography (15% ethyl acetate/85% 
hexanes) provided indole 2.113 as a yellow oil. 
2‐(2‐{1‐[(2,4‐Dichlorophenyl)methyl]‐2‐(prop‐2‐en‐1‐yl)‐1H‐indol‐3‐yl}ethyl)‐2,3‐dihydro‐
1H‐isoindole‐1,3‐dione (2.113). Yellow oil (0.07 g, 25%); TLC Rf = 0.61 (30% ethyl 
acetate/70% hexanes); IR (thin film) 1769, 1705, 1362, 729, 714 cm-1; 1H NMR (300 MHz, 
CDCl3) δ 7.74 (dd, J = 5.4, 3.0 Hz, 2H), 7.63-7.61 (m, 3H), 7.33 (d, J = 2.8 Hz, 1H), 7.05-7.00 
(m, 3H), 6.91 (dd, J = 8.4, 2.1 Hz, 1H), 6.04 (d, J = 8.4 Hz, 1H), 5.83-5.70 (m, 1H), 5.22 (s, 2H), 
4.93-4.87 (m, 2H), 3.86 (t, J = 7.8 Hz, 2H), 3.36 (d, J = 5.7 Hz, 2H), 3.06 (t, J = 7.8 Hz, 2H); 13C 
NMR (75 MHz, CDCl3) δ 168.3, 136.4, 134.7, 134.4, 134.1, 133.9, 133.5, 132.3, 132.2, 129.1, 
128.1, 128.0, 127.6, 123.1, 121.8, 119.8, 118.5, 116.6, 109.6, 109.1, 44.0, 38.7, 28.7, 23.7. Anal. 
Calcd for C28H22Cl2N2O2: C, 68.72; H, 4.53; N, 5.72; Found: C, 68.84; H, 4.64; N, 5.50. 
 
 
148 
 
 
In a flame dried flask, known imidate 2.8479 (0.080 g, 0.28 mmol) was dissolved in anhydrous 
DCM (1 mL). Indole 2.112 (0.20 g, 0.31 mmol) was then added. To this solution freshly distilled 
TMSOTf (11 μL, 0.063 mmol) was added and the resulting mixture was stirred at rt for 18 h. The 
reaction mixture was then quenched with 10 mL 1M NaOH. The organic layer was separated and 
the aqueous layer was extracted with DCM (3 x 5 mL). The combined organic layers were dried 
over sodium sulfate, filtered and concentrated. Purification of the residue by silica gel 
chromatography (10% ethyl acetate/90% hexanes) provided indole 2.114 as a yellow solid.  
2‐(2‐{1‐[(2,4‐Dichlorophenyl)methyl]‐2‐[(4‐methoxyphenyl)methyl]‐1H‐indol‐3‐yl}ethyl)‐
2,3‐dihydro‐1H‐isoindole‐1,3‐dione (2.114). Yellow solid (0.09 g, 57%); mp = 205-207 °C; 
TLC Rf = 0.53 (30% ethyl acetate/70% hexanes); IR (thin film) 1770, 1716, 1510, 1466, 1450, 
1393, 1355, 1287, 1243, 1176, 1107, 1022, 1007 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.81 (q, J 
= 3.2 Hz, 2H), 7.77 (q, J = 3.2 Hz, 1H), 7.69 (q, J = 3.2 Hz, 2H), 7.32 (d, J = 2.0 Hz, 1H), 7.11 
(q, J = 3.2 Hz, 2H), 7.05 (q, J = 3.2 Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.88 (dd, J = 8.4, 2.0 Hz, 
1H), 6.65 (d, J = 8.8 Hz, 2H), 5.99 (d, J = 8.4 Hz, 1H), 5.13 (s, 2H), 3.99 (t, J = 7.6 Hz, 4H), 
3.71 (s, 3H), 3.23 (t, J = 7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 168.3, 158.2, 136.6, 135.8, 
133.9, 133.8, 133.2, 132.2, 129.9, 129.0, 128.9, 128.1, 127.9, 127.3, 123.1, 121.9, 119.8, 118.7, 
114.0, 109.9, 109.0, 55.2, 44.2, 38.7, 30.9, 29.6, 23.8. Anal. Calcd for C33H26Cl2N2O3: C, 69.60; 
H, 4.60; N, 4.92; Found: C, 69.21; H, 4.21; N, 4.78. 
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Appendix B 
1H and 13C NMR Spectra Supplement to Chapter 2 
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Chapter 3 
Dialkylation of Indole with Trichloroacetimidates to 
Access 3.3’-Disubstituted Indolenines 
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Abstract 
 Trichloroacetimidates are shown to be effective electrophiles for the regioselective C3-
dialkylation of simple indoles, providing the corresponding 3,3’-indolenine product directly 
when in the presence of a Lewis acid promoter. The scope of the reaction with respect to the 
trichloroacetimidate alkylating agent and the indole has been investigated. This methodology 
provides an alternative to the use of expensive and air-sensitive transition-metal catalysts and 
base promoted methods to access similar 3,3'-indolenine structures. A modular dialkylation with 
two different trichloroacetimidates at the C3 position was also investigated using a similar 
protocol. An intramolecular alkylation with a bis-imidate may provide a direct route to 
spirocyclic structures. These reactions provide ready access to more complex indole systems, 
which are present in a variety of complex natural products. 
  
189 
 
3.1 Introduction 
3.1.1 Natural Products Containing the 3,3’-Indolenine Motif and Related Structures 
 Indoles and indolenines have been the focus of much research in the past years, mostly 
due to their drug-like physical properties, synthetic accessibility, and utility in medicinal 
chemistry. Specifically, 3,3'-Dialkyl indolenines are prevalent in a variety of complex alkaloids 
like strictamine 3.11 and tubifoline 3.22 (Figure 3.1). Several other polycyclic alkaloids appear to 
derive from the intramolecular addition of heteroatom nucleophiles at the imine moiety of the 
indolenine. Among these are complex alkaloids such as echiboline 3.3,3 aspidophylline A 3.4,4 
and perophoramidine 3.55 (Figure 3.1). Due to their biological activity and/or interesting, 
complex structures, some of these molecules have attracted academic interest. For example, 
perophoramidine 3.5 is composed of an unusual carbon skeleton and exhibits cytotoxicity 
towards the HCT116 colon carcinoma cell line with an IC50 of ~60 μM. Perophoramidine has 
also been shown to induce apoptosis via poly(ADP-ribose) polymerase (PARP) mediated DNA 
cleavage within 24 hours.5 More recently, synthetic studies towards three-dimensional structures 
with a greater proportion of sp3 carbons have garnered significant interest in medicinal 
chemistry.6, 7 These systems are believed to potentially provide a rigid three-dimensional core 
which can interact with more complex drug targets that are now of interest to pharmaceutical 
companies.8-11  The three dimensional nature of 3,3'-indolenines and their ready, modular 
synthesis make them excellent substrates for exploring more small molecule leads for 
pharmaceutical development. 
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Figure 3.1 Natural products containing the 3,3’-dialkyl indolenine motif. 
3.1.2 Known Strategies to Access 3,3’-Indolenine Structures 
 Given the common nature of 3,3'-indolenines and related substructures, combined with 
the bioactivity and medicinal chemistry interest associated with them, significant effort has gone 
into the development of efficient methods to prepare these compounds. The dearomatization of 
indoles with an electrophilic alkylating agent approach is among the most popular methods.12-15 
The C3 position of an indole shows an intrinsic preference for alkylation as it is the most 
nucleophilic position; but, if C3 is blocked, electrophiles can react at the C2 position (Figure 
3.2). A common drawback to the dearomatization process is competing N-alkylation or 
alkylation at C2 of the indole. 
 
Figure 3.2 Indole reactivity at C3 and C2 positions. 
 Another possibility for indole reactivity is the dearomatization at the C3 position 
(Scheme 3.1), producing intermediate 3.8, which can further react at the C2 position (path A), 
yielding the indolenine 3.11 product. Intermediate 3.8, however, may also participate in an 
intramolecular rearrangement (path B), typically generated by a [1,2]-shift of a substituent at the 
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C3 position to C2, forming the benzylic carbocation 3.12, which then undergoes nucleophilic 
attack to form 3.13. Intermediate 3.12 may also undergo rearomatization with loss of a proton 
from C2, regenerating an aromatic indole that now has substituents at C2 and C3. This array of 
reactivity observed with the indole nucleus has become an important field of study for organic 
and heterocyclic chemists. Despite the challenging indole selectivity issues, many protocols have 
been reported to access indolenines from 3-substituted indoles. Existing dearomatization 
methods include acid-promoted,16-18 base-promoted,19-25 and transition metal-catalyzed 
reactions.26-35 
 
Scheme 3.1 Alternative indole reactivity pathways. 
3.1.2A Base-Promoted Methods 
 The dearomatization of 3-substituted indoles to give C3-quaternary indolenines under 
basic conditions has been demonstrated by a few groups (Scheme 3.2). For instance, Nakazaki 
and co-workers23, 24 has reported the alkylation of 2,3-dimethyl indole 3.14 with alkyl halides in 
liquid ammonia to produce the corresponding indolenine product 3.15 in very low yields 
(Scheme 3.2, eq. 1). Sackus’25 group treated similar 2,3-disubstituted indole systems with ethyl 
magnesium iodide to form magnesium salts of indole 3.14. With this treatment, the C2-C3 
alkene was strongly polarized and thus favored C3 alkylation in the presence of the benzylic 
bromide to give the desired product 3.16 with moderate yield (Scheme 3.2, eq. 2). 
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Scheme 3.2 Base-promoted C3-alkylation of 3-substituted indoles. 
 Increased yields for the formation of the indolenine product were observed in the 
research accomplished by Yang’s group (Scheme 3.3, eq. 1).22 They have shown N-
indolyltriethylborates like 3.18 to be useful reagents for C3-alkylation of 3-substituted indoles 
via the dearomatization method, with both activated alkyl groups and nonactivated primary and 
secondary alkyl halides. The reaction proceeds under basic conditions and works well with a 
broad range of substrates, forming the desired indolenine product in high yields, even in cases 
where C2 was available. This result is attributed to the increased electron rich nature of the N-
indolyltrialkylborate intermediate 3.18. Furthermore, the competing N1- and C2-alkylation 
products were not observed due to the tight nitrogen-boron association, which inhibited their 
formation. Recently, an interesting photochemical strategy for direct alkylation of indoles has 
been developed by Melchiorre’s group (Scheme 3.2, eq. 2).21 The reaction is driven by the 
electron donor-acceptor (EDA) complexes generated by mixing the substituted indole 3.14 and 
benzyl bromide 3.20. The reaction was conducted in the presence of the base 2,6-lutidine to 
neutralize the acid formed in the process. These methods increased the scope of the base 
promoted transformations of substituted indoles into the desired indolenine product, but they also 
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must employ stoichiometric amounts of base and sometimes the requirement of an additional 
additive and/or special conditions (light) to achieve high yields. 
 
Scheme 3.3 Base-promoted selective C3-alkylation of 3-substituted indoles. 
3.1.2B Transition Metal Catalyzed Methods 
Construction of a quaternary center at the C3 position of the indole core can also be 
accomplished with the aid of metal catalysis to activate the electrophile. Gold33 and platinum32 
have been employed as catalysts, but palladium27-31, 34, 35 has been the center of many 
investigations as it has shown to be an excellent catalyst in the formation of indolenines. Tamaru 
and co-workers28 first demonstrated that formation of the 3,3’-indolenine product was possible in 
the presence of Pd-catalyzed conditions (Scheme 3.4, eq. 1). Allyl alcohol 3.23 was used as the 
alkylation agent in their C3-selective allylation of indoles. This reaction was promoted by 
triethylborane (Et3B), as this Lewis acid activated the alcohol and improved its leaving group 
ability. A variety of substituted indoles were tested, and although this work mainly focused on 
indoles that had an unsubstituted C3 position, it was observed that the reaction also proceeded 
when the C3 position was initially substituted, with the formation of the indolenine product 3.24 
in 75% yield. As an extension of this particularly interesting result, Trost and Quancard34 
reported an enantioselective Pd-catalyzed C3 allylation of 3-substituted indoles using 
194 
 
trialkylboranes to give the corresponding 3,3’-disubstituted products (Scheme 3.4, eq. 2). High 
enantioselectivity was observed when the 9-BBN-C6H13 promoter was used in combination with 
electron-rich indoles. 
 
Scheme 3.4 Pd-catalyzed 3-substituted indoles with allyl alcohols. 
 The selective C3 benzylation of 3-substituted indoles catalyzed by palladium has also 
been explored. Rawal and co-workers35 reported a regioselective palladium-catalyzed 
decarboxylative C3-allylation and C3-benzylation of 3-substituted and 2,3-substituted indoles 
like 3.28, using benzyl carbonates like 3.29 (Scheme 3.5) as the electrophile. The addition of 
stoichiometric amounts of BEt3 and N,O-bis(trimethylsilyl)acetamide (BSA) were needed to 
afford the indolenine products in good yields.  
 
Scheme 3.5 Regioselective benzylation of 3-substituted indoles. 
Mechanistically, the BEt3 additive facilitates the formation of π-benzyl-Pd 3.34 by 
binding to the carbonyl group of 3.32 (Scheme 3.6). Additionally, BSA 3.35 facilitates the 
process by removing the methoxide from the π-benzyl-Pd cation 3.34, which in turn will result in 
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the deprotonation of indole 3.38 with the resulting amide anion 3.37 to form indolyl anion 3.40. 
Amide anion 3.37 is proposed to be more compatible with the palladium catalyzed reaction 
conditions, as addition of the methoxide to the palladium can form an ionic Pd-O bond which 
may facilitate catalyst deactivation. 
 
Scheme 3.6 Proposed mechanism for the benzylation of 3-substituted indoles. 
 Furthermore, decarboxylative alkylation catalyzed by palladium using N-alloc and N-Cbz 
indoles has also been demonstrated by this group,30 with the decarboxylative benzylation 
reaction requiring harsher conditions (higher temperatures and longer reaction times) compared 
to the allylation reaction (Scheme 3.7). The N-Cbz derivatives of 2,3-substituted indole gave the 
corresponding C3-benzylated products 3.44 with excellent yields, whereas C3-unsubstituted 
precursors resulted in mixtures of the corresponding mono- and di-benzylated products. A 
similar study was published by Cook and co-workers.36 
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Scheme 3.7 Regioselective decarboxylative alkylation of 3-substituted indoles. 
These metal-catalyzed strategies have shown to be excellent for the preparation of 3,3’-
indolenines from 3-substituted indoles, but they still suffer from some drawbacks, like the air-
sensitivity and expensive nature of the catalyst and the requirement of additional co-reagents. 
3.1.2C Use of Trichloroacetimidates & Acid-Catalyzed Methods 
  Similar 3,3’-transformations have also been accomplished utilizing acid catalysts.16-18 
Shu-Li You and co-workers16 explored the enantioselective construction of the quaternary center 
at the C3 position via chiral phosphoric acid-catalyzed cascade Michael addition-cyclization 
(Scheme 3.8). The starting materials for this study were tryptamine 3.45 derivatives and enones 
3.46, which in the presence of a catalytic amount of chiral phosphoric acid 3.47 produced the 
corresponding enantioenriched pyrroloindoline derivatives. Good yields and enantioselectivity 
were observed for the transformation when the tryptamine derivatives contained electron-
donating groups on the indole. A similar study was also published at approximately the same 
time by Antilla and co-workers.37 
 
Scheme 3.8 Enantioselective C3-alkyation of tryptamine derivatives. 
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 Chiral BINOL-based phosphoric acid catalysts were also shown to be very effective 
catalysts for the enantioselective dearomatization of indoles with allenamides as reported by 
Bandini and co-workers17 (Scheme 3.9). The synthesis of 3,3-disubstituted indolenine core was 
achieved through the electrophilic activation of allenamides 3.50, which in the presence of a 
catalytic amount of acid catalyst 3.51 and 2,3-disubstituted indole 3.49 formed the corresponding 
indoline 3.52. Moderate to good yields and high enantioselectivities were observed for many 
differently substituted indoles, but variations of allenamides containing electron-withdrawing 
groups worked best with this protocol. Although chiral BINOL catalysts provide a convenient 
metal-free option for the stereoselective dearomatization of indoles, the long reaction times and 
limited substrate scope present a constraint to these methods.  
 
Scheme 3.9 Enantioselective dearomatization of indoles with allenamides. 
 Another acid-catalyzed method was published by the Chisholm38 group where 
trichloroacetimidates were employed as effective electrophiles for the regioselective C3 
alkylation of 2,3-disubstituted indoles to provide the corresponding 3,3’-disubstituted indolenine 
product (Scheme 3.10). Trimethylsilyl trifluoromethanesulfonate (TMSOTf) was found to be the 
operative Lewis acid catalyst for this reaction. The introduction of a number of allylic, benzylic, 
and propargylic groups to the 2,3-disubstituted indoles was demonstrated with these conditions - 
all producing the dearomatized product in good to excellent yields in only 3 hours.  
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Scheme 3.10 Regioselective C3-alkylation with trichloroacetimidates. 
In addition, during a recent study on the selective C3 alkylation of indoles using 
trichloroacetimidate electrophiles,39 analysis of the crude 1H NMR of the reaction mixture 
demonstrated that a small amount of the dialkylated 3,3’-indolenine was being formed as a 
competing side product. For example, in the alkylation of 2-methyl-5-nitroindole 3.55, formation 
of the indolenine side product 3.58 was detected when an excess amount of allyl 
trichloroacetimidate 3.56 was used (Scheme 3.11). 
 
Scheme 3.11 Dialkylation product from alkylation with trichloroacetimidate 3.56. 
While the formation of indolenines from 2,3-disubstituted indoles has already been 
reported,38 there is no example of a process that takes advantage of the nucleophilicity of the C3 
position of indoles to build a quaternary center directly from C3 unsubstituted indole starting 
materials. Furthermore, the development of a metal-free approach to access C3-dialkylated 
products is very striking. Trichloroacetimidates are easily formed under mild conditions40 from 
readily available alcohols, making them excellent electrophiles for this transformation. 
Additionally, imidate alkylations can often be promoted with inexpensive Lewis acids. Intrigued 
by the potential of this 3,3’-dialkylation of a simple indole, we began optimization studies to 
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determine the scope and efficiency of this interesting Lewis acid promoted dearomatization 
reaction. 
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3.2 Results and Discussion 
3.2.1 Optimization of C3-Dialkylation with Trichloroacetimidate Conditions 
 Because of the numerous studies on promoter free heteroatom substitution reactions with 
trichloroacetimidate electrophiles,41-44 we speculated that imidates could be efficient 
electrophiles for indole alkylation under thermal conditions without the use of an exogenous 
acid. Preliminary experiments, however, indicated that a Lewis acid catalyst was necessary for 
the reaction to proceed as heating 2-methyl indole 3.59 and allyl trichloroacetimidate 3.56 in 
refluxing DCE for 24 hours showed no trace of alkylation product (Table 3.1, entry 1). Since 
previous reports on the alkylation of indoles with trichloroacetimidates have shown TMSOTf to 
be especially effective in substitution reactions,38, 39, 45-47 we envisioned that it would be no 
different with these systems. Indeed, we were pleased to observe an increase of the yield to 27% 
when the reaction was allowed to proceed for 3 hours with 20 mol % TMSOTf (Table 3.1, entry 
2). Further increasing the reaction time, amount of imidate 3.56, and temperature showed no 
significant improvement to the yield of the desired product 3.60 (Table 3.1, entries 3-5). At this 
point, it was noted that gradual formation of the 3,3’-indolenine product resulted in a more basic 
reaction media as the imine of the indolenine product is basic. This increase in basicity of the 
reaction media may account for the incomplete conversion observed, as the Lewis acid, 
TMSOTf, may coordinate to the imine under these conditions, limiting the catalyst turnover. To 
avoid this competition, it was hypothesized that a higher loading of the TMSOTf was needed to 
push the reaction forward and to obtain the C3 dialkylated product with better yields. Optimal 
conditions were achieved by increasing the TMSOTf catalyst load to stoichiometric amounts. 
This provided the C3 dialkylated product with an encouraging 61% yield (Table 3.1, entry 7). 
When the catalyst load was increased even more, no significant difference on the yield was 
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revealed (Table 3.1, entry 8). While this loading may seem high, as two alkylations are being 
performed in the same transformation, the convenience of a single flask operation made this 
protocol particularly attractive for further evaluation. 
Table 3.1 Optimization of diallylation of 2-methyl indole 3.59 reaction conditions 
 
 
entry 
equiv. 
imidate 3.56 
equiv. 
TMSOTf 
 
temp. (oC) 
 
time 
 
Yield (%) 
1 2.2 0 83 24 h 0 
2 2.2 0.2 rt 3 h 27 
3 2.2 0.2 rt 6 h 20 
4 2.2 0.2 83 3 h 41 
5 3.0 0.2 rt 3 h 31 
6 2.5 0.5 rt 3 h 39 
7 2.5 1.0 rt 3 h 61 
8 2.5 1.5 rt 3 h 59 
 
3.2.2 Scope of Direct C3-Dialkylation of 2-Methyl Indole with Different 
Trichloroacetimidates 
With the optimized conditions in hand, we examined the scope of this reaction with 
respect to 2-methyl indole and readily available alcohols which were transformed to the 
corresponding trichloroacetimidates (Table 3.2). Allyl 3.56 and propargyl 3.62 imidates provided 
the corresponding indolenine products with yields of 61% and 24%, respectively (Table 3.2, 
entries 1 and 2). Next, benzylic trichloroacetimidates were tested with these conditions. The 
presence of electron-withdrawing groups, like nitro, trifluoromethyl, and chlorine, on the 
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aromatic ring seemed to work well with yields ranging from 45% to 63% yield (Table 3.2, 
entries 3-5). 4-Cyano benzyl imidate 3.70 provided a very poor yield of only 16% under the 
Lewis acid-catalyzed condition (Table 3.2, entry 6). This result was particularly disappointing as 
good yields are obtained for the regioselective monoalkylation reaction using this imidate.39 
Benzyl imidate 3.72 gave the desired C3 dialkylated product in 30% yield (Table 3.2, entry 7).  
Substrates containing an electron-donating group on the aromatic ring were also 
investigated with our conditions (Table 3.2, entries 8 and 9). Analysis of the crude 1H NMR 
product mixture showed that the corresponding desired 3,3’-dialkylated products were being 
formed, but purification by column chromatography was difficult. These C3 benzylation 
reactions have been reported to be challenging because the 3,3’-disubstituted indolenine motifs 
are prone to exist as an equilibrium between the imine 3.79 and the imine trimer form 3.80, 
which impedes their isolation and correct identification (Scheme 3.12).15 It is possible that 
electron-rich imidates, like 4-methoxybenzyl 3.74 and 4-methylbenzyl 3.76, form the imine 
trimer faster. One reported method to overcome this problem is to reduce the 3,3’-indolenine to 
the corresponding 3,3’-indoline product using sodium borohydride (NaBH4) in acetic acid. An 
isolation can be then obtained with the indoline derivative, which cannot undergo trimerization.35 
Reduction of these indolenines 3.75 and 3.77 to the corresponding indolines will be evaluated in 
the future as an alternative to obtaining the 3,3’-dialkylated indole derivative with electron-rich 
imidates.  
 
Scheme 3.12 Synthetic challenge associated with indolenine synthesis. 
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Table 3.2 Direct C3-dialkylation of 2-methyl indole with trichloroacetimidates 
 
entry imidate product Yield (%) 
1 
  
61a 
2 
  
24 
3 
 
 
63 
4 
 
 
45 
5 
 
 
52 
6 
 
 
16 
7 
 
 
30 
8 
 
 
0b 
9 
 
 
0b 
               aReaction was performed at rt. bIsolation of desired product was not possible. 
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3.2.3 Scope of Direct C3-Dialkylation of Different Indoles with Allyl Trichloroacetimidate 
 Studies on the scope of the indole dialkylation reaction with regard to the indole 
nucleophile were also initiated (Table 3.3). The effects of increasing the size of the substituent at 
the C2 position of the indole is currently being investigated (Table 3.3, entries 1-3). Sterics 
seems to play a role in C3 dialkylation since changing the substituent at C2 from methyl to tert-
butyl resulted in a decrease in the yield as seen for indole 3.86. Substitution at the C2 and C5 
position of the indole has also been evaluated. Thus far, 2,5-disubstituted indole systems showed 
good transformations to the corresponding C3-diallylated indoles, with both electron-
withdrawing and electron-donating substituents in the aromatic ring giving improved yields 
compared to indole 3.59 which has the 5-position open (Table 3.3, entries 4-6). Addition of a 
halogen, like fluoro or chloro, at the 5-position of the indole also produced the corresponding C3 
dialkylated product in good yields of 68% for 5-fluoro indole 3.94 and 45% for 5-chloro indole 
3.96 (Table 3.3, entries 7 and 8). Finally, indole 3.97 was tested with our conditions to determine 
if regioselectivity can be achieved when all positions of the indole are available (Table 3.3, 
entries 9 and 10). Formation of the 2,3-disubstituted product 3.98 was initially expected, but a 
complex mixture was observed by crude 1H NMR of the reaction mixture. An attempt will now 
be made to synthesize the corresponding 3,3’-dialkylated indolines using reducing conditions. 
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Table 3.3 C3-dialkylation of different indoles with allyl imidate 3.56 
 
entry indole product yield (%) 
1 
  
59a 
2 
  
- 
3 
  
41 
4 
  
41 
5 
  
61 
6 
  
71 
7 
  
68 
8 
  
45 
9 
  
0b 
10 
  
- 
                 aReaction was performed at rt. bIsolation of desired product was not possible. 
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3.2.4 Modular Alkylation of 2-Methyl Indole with Different Trichloroacemidates 
 Given the success with dialkylation utilizing an excess of the trichloroacetimidate, some 
investigation into a modular alkylation of the C3 position was also undertaken (Table 3.4). While 
the manipulation of the indole core has been extensively studied, the modular introduction of 
alkyl groups to form 3,3’-disubstituted indolenine intermediates through one established protocol 
can be very advantageous. Towards this goal, 2-methylindole 3.56 and 4-nitrobenzyl  imidate 
3.64 were chosen for the first alkylation due to the high yield reported previously.39 The second 
modular incorporation of the allyl imidate 3.56 and propargyl imidate 3.62 afforded 56% and 32 
% yields of the corresponding 3,3’-indolenine products (Table 3.4, entries 1 and 2), which then 
resulted in overall yields of 50% and 29%, respectively. The role of sterics was evaluated using 
2-nitrobenzyl imidate 3.105 for the first alkylation, followed by formation of the indolenine 
products 3.107 and 3.109 with the aid of imidates 3.56 and 3.62 (Table 3.4, entries 3 and 4). 
Since a decrease in the yield of the overall reaction was observed in this case, we believe that 
sterics plays a significant role in the regioselective modular alkylation of indoles. Lastly, 2-
methylindole 3.56 was reacted with propargyl 3.62 and allyl imidate 3.56, consecutively, with a 
21% overall yield of the desired 3,3’-indolenine product being formed (Table 3.3, entry 5). 
Further investigation needs to be completed on the effects of the order of alkylation, as results 
may vary due to different indole reactivity after the first alkylation.  
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Table 3.4 Modular alkylation of 2-methyl indole with different imidates 
 
entry Imidate 1 
C3-monoalkylated 
indole 
Imidate 2 
3,3’-
indolenine 
Overall 
yield (%) 
1 
  
 
 
50 
2 
    
29 
3 
 
 
 
 
31 
4 
 
 
 
 
25 
5 
    
21 
 
3.2.5 Intramolecular Dialkylation with Bis-Trichloroacetimidate: Direct Access to 
Spirocycles 
 Spirocycles are rigid scaffolds that have been the focus of medicinal chemistry in recent 
years.48-50 Their three-dimensional core allows for the design of complex systems which can be 
optimized to interact with more complex drug targets.7 The most commonly used methods to 
prepare these systems involve a monosubstituted cyclization precursor, which in itself can be a 
barrier to the subsequent dearomatization reaction to form the desired product.51-54 To avoid this 
barrier, a few examples have been reported that simultaneously generates two C-C bonds, as well 
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as a quaternary spirocyclic center directly into aromatic systems like indoles.55-57 However, the 
isolated products were obtained in low yields in most cases. Therefore, a simple and efficient 
approach that allows for access to these complex systems from simple starting materials is highly 
desirable. The successful preparation of the 3,3’-indolenine products using two equivalents of the 
trichloroacetimidate instigated our interest in investigating if a second intramolecular alkylation 
could be possible to form the corresponding spirocycle (Scheme 3.13). Towards this goal, we 
plan on utilizing the bisimidate 3.112 which can be prepared from phthalic anhydride. Treating 
this bisimidate with 2-methylindole and TMSOTf followed by reduction of the imine with 
sodium borohydride is predicted to give the spiroannulated indoline 3.113. 
 
Scheme 3.13 Dearomatizing spiroannulation with bis-imidate 3.112. 
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3.3 Conclusion 
 A new method for the direct synthesis of 3,3'-indolenines has been developed utilizing 
the Lewis acid promoted alkylation of simple indoles with trichloroacetimidates. This method is 
differentiated from prior methods in that it does not depend on transition-metal catalyzed 
alkylation or the use of a strong base. Instead, a Lewis acid and a trichloroacetimidate leaving 
group are utilized to perform the alkylation. Electron-poor imidates worked best for the 
dialkylation with our protocol. While electron-rich substrates were not isolated, we believe that 
reducing the indolenine to the corresponding indoline will facilitate purification and access to the 
indoline derivatives will be possible. A modular synthesis of the 3,3’-indolenine product was 
also reported following this protocol. Future work includes studying different possible routes for 
the modular construction of the 3,3’-indolenine product to find the best possible overall yield. 
The application of this protocol is envisioned towards the synthesis of spirocycles from bis-
trichloroacetimidates. Chiral catalysts may also be explored in the future to access 
enantioenriched 3,3’-indolenines with trichloroacetimidates as alkylating agents.  
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3.4 Experimental 
General Experimental Information: 
All anhydrous reactions were run under a positive pressure of argon. DCM was dried by passage 
through an alumina column following the method of Grubbs.58 Silica gel column 
chromatography was performed using 60 Å silica gel (230−400 mesh). Melting points are 
uncorrected. 
General procedure A for C3-dialkylation of indoles: 
In a flame dried flask, the imidate (2.5 equiv) was dissolved in anhydrous dichloroethane 
(0.15M) followed by the addition of the indole (1.0 equiv). To this solution freshly distilled 
TMSOTf (1.0 equiv) was added and the resulting mixture was heated to reflux and stirred for 18 
h. After cooling to room temperature, the reaction mixture was quenched with 10 mL 1M NaOH. 
The organic layer was separated and the aqueous layer was extracted with DCM (3 x 5 mL). The 
combined organic layers were dried over sodium sulfate, filtered and concentrated. The residue 
was purified by silica gel chromatography using the solvent systems listed for each compound. 
General procedure B for C3-dialkylation of C3-monoalkylated indoles: 
In a flame dried flask, the imidate (1.2 equiv) was dissolved in anhydrous dichloroethane 
(0.15M) followed by the addition of the mono-alkylated indole (1.0 equiv). To this solution 
freshly distilled TMSOTf (0.2 equiv) was added and the resulting mixture was heated to reflux 
and stirred for 18 h. After cooling to room temperature, the reaction mixture was quenched with 
10 mL 1M NaOH. The organic layer was separated and the aqueous layer was extracted with 
DCM (3 x 5 mL). The combined organic layers were dried over sodium sulfate, filtered and 
concentrated. The residue was purified by silica gel chromatography using the solvent systems 
listed for each compound. 
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Synthesized by general procedure A from the known indole 3.59 and imidate 3.56, purified using 
silica gel chromatography (3% ethyl acetate /97% dichloromethane solvent system). 
2-methyl-3,3-di(prop-2-en-1-yl)-3H-indole (3.60). Orange oil (0.14 g, 59%); TLC Rf = 0.35 (5% 
ethyl acetate/95% dichloromethane); 1H NMR (300 MHz, CDCl3) δ 7.45 (d, J = 9.0 Hz, 1H), 7.27-
7.10 (m, 3H), 5.11-4.98 (m, 2H), 4.88 (d, J = 18.0 Hz, 2H), 4.78 (d, J = 9.0 Hz, 2H), 2.62 (dd, J = 
12.0, 6.0 Hz, 2H), 2.38 (dd, J = 12.0, 6.0 Hz, 2H), 2.18 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 
185.1, 154.8, 141.2, 132.1, 127.9, 125.0, 122.2, 119.8, 118.1, 61.8, 40.3, 16.5. 
 
 
Synthesized by general procedure A from the known indole 3.59 and imidate 3.72, purified using 
silica gel chromatography (1% ethyl acetate /99% dichloromethane solvent system). 
3,3-dibenzyl-2-methyl-3H-indole (3.73). Brown oil (0.10 g, 30%); TLC Rf = 0.49 (5% ethyl 
acetate/95% dichloromethane); 1H NMR (400 MHz, CDCl3) δ 7.18-7.14 (m, 2H), 7.06 (td, J = 7.2, 
1.6 Hz, 1H), 7.02-6.95 (m, 7H), 6.68 (dd, J = 7.2, 1.2 Hz, 4H), 3.28 (d, J = 13.6 Hz, 2H), 2.99 (d, 
J = 13.6 Hz, 2H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 184.1, 155.1, 140.5, 135.7, 129.4, 
127.9, 127.8, 126.7, 124.4, 123.7, 119.8, 64.0, 42.3, 17.3. 
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Synthesized by general procedure A from the known indole 3.87 and imidate 3.56, purified using 
silica gel chromatography (20% ethyl acetate /80% hexanes solvent system). 
3,3-diallyl-2,5-dimethyl-3H-indole (3.88). Brown solid (0.13 g, 41%); mp = 38-40 oC; TLC Rf = 
0.38 (40% ethyl acetate/60% hexanes); IR (thin film) 3081, 3002, 1638, 1574, 820 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 7.40 (d, J = 7.6 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 7.09 (s, 1H), 5.18-5.08 (m, 
2H), 4.97 (d, J = 16.8 Hz, 2H), 4.86 (dd, J = 10.0, 0.8 Hz, 2H), 2.67 (dd, J = 14.0, 6.0 Hz, 2H), 
2.45 (dd, J = 14.0, 7.6 Hz, 2H), 2.41 (s, 3H), 2.23 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 184.0, 
152.8. 141.4, 134.6, 132.3, 128.5, 122.9, 119.3, 117.9, 61.5, 40.4, 21.5, 16.5. 
 
Synthesized by general procedure A from the known indole 3.89 and imidate 3.56, purified using 
silica gel chromatography (5% ethyl acetate /95% dichloromethane solvent system). 
3,3-diallyl-5-methoxy-2-methyl-3H-indole (3.90). Brown solid (0.18 g, 61%); mp = 45-46 oC; 
TLC Rf = 0.33 (10% ethyl acetate/90% dichloromethane); IR (thin film) 3077, 3000, 1640, 1591, 
1576, 908 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.47 (d, J = 9.0 Hz, 1H), 6.88 (d, J = 9.0 Hz, 2H), 
5.23-5.09 (m, 2H), 5.00 (d, J = 15.0 Hz, 2H), 4.90 (d, J = 12.0 Hz, 2H), 3.86 (s, 3H), 2.69 (dd, J = 
15.0, 6.0 Hz, 2H), 2.48 (dd, J = 15.0, 6.0 Hz, 2H), 2.28 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 
182.9, 157.8, 142.9, 132.1, 119.9, 118.1, 117.5, 112.2, 109.2, 61.9, 55.7, 40.4, 16.4. 
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Synthesized by general procedure A from the known indole 3.91 and imidate 3.56, purified using 
silica gel chromatography (5% ethyl acetate /95% dichloromethane solvent system). 
3,3-diallyl-5-nitro-2-methyl-3H-indole (3.92). Brown oil (0.21 g, 71%); TLC Rf = 0.47 (10% 
ethyl acetate/90% dichloromethane); IR (thin film) 3007, 1703, 1571, 1518, 1338 cm-1; 1H NMR 
(300 MHz, CDCl3) δ 8.31 (dd, J = 9.0, 3.0 Hz, 1H), 8.19 (d, J = 2.0 Hz, 1H), 7.65 (d, J = 9.0 Hz, 
1H), 5.20-5.07 (m, 2H), 5.04-4.91 (m, 4H), 2.80 (dd, J = 15.0, 6.0 Hz, 2H), 2.56 (dd, J = 15.0, 6.0 
Hz, 2H), 2.38 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 191.6, 159.6, 145.6, 142.4, 130.7, 124.9, 
119.9, 119.4, 117.9, 62.9, 40.0, 17.0. 
 
Synthesized by general procedure A from the known indole 3.93 and imidate 3.56, purified using 
silica gel chromatography (10% ethyl acetate /90% hexanes solvent system). 
3,3-diallyl-5-fluoro-2-methyl-3H-indole (3.94). Purple oil (0.16 g, 68%); TLC Rf = 0.37 (30% 
ethyl acetate/70% hexanes); IR (thin film) 3077, 1727, 1581, 1462, 918, 821 cm-1; 1H NMR (400 
MHz, CDCl3) δ 7.55 (dd, J = 8.4, 4.8 Hz, 1H), 7.14-7.08 (m, 2H), 5.29-5.19 (m, 2H), 5.08 (d, J = 
17.2 Hz, 2H), 4.99 (d, J = 10.0 Hz, 2H), 2.77 (dd, J = 14.0, 6.4 Hz, 2H), 2.57 (dd, J = 14.0, 7.6 
Hz, 2H),  2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 184.9 (d, J = 3.0 Hz), 161.0 (d, J = 242.0 
Hz), 150.82 (d, J = 2.0 Hz), 143.2 (d, J = 8.0 Hz), 131.6, 120.4 (d, J = 9.0 Hz), 118.5, 114.5 (d, J 
= 23.0 Hz), 109.9 (d, J = 24.0 Hz), 62.3 (d, J = 3.0 Hz), 40.2, 16.4. 
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Synthesized by general procedure A from the known indole 3.95 and imidate 3.56, purified using 
silica gel chromatography (10% ethyl acetate /90% hexanes solvent system). 
3,3-diallyl-5-chloro-2-methyl-3H-indole (3.96). Yellow oil (0.10 g, 45%); TLC Rf = 0.42 (30% 
ethyl acetate/70% hexanes); IR (thin film) 3076, 1728, 1577, 1451, 920, 825 cm-1; 1H NMR (400 
MHz, CDCl3) δ 7.44 (d, J = 8.4 Hz, 1H), 7.31-7.26 (m, 2H), 5.18-5.08 (m, 2H), 4.99 (d, J = 16.8 
Hz, 2H), 4.91 (d, J = 10.4 Hz, 2H), 2.67 (dd, J = 13.6, 6.0 Hz, 2H), 2.47 (dd, J = 14.0, 7.6 Hz, 2H), 
2.26 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 186.7, 153.4, 143.1, 131.5, 130.9, 128.1, 122.7, 120.6, 
118.6, 62.3, 40.1, 16.5. 
 
Synthesized by general procedure B from the known imidate 3.64 and 3.56, purified using silica 
gel chromatography (5% ethyl acetate /95% dichloromethane solvent system). 
2-methyl-3-(4-nitrobenzyl)-3-(prop-2-en-1-yl)-3H-indole (3.102). Brown oil (0.084 g, 56%); 
TLC Rf = 0.39 (10% ethyl acetate/90% dichloromethane); IR (thin film) 3080, 2922, 2854, 1603, 
1519, 1346, 994, 922 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 
7.6 Hz, 1H), 7.31-7.26 (m, 1H), 7.22-7.21 (m, 2H), 6.85 (d, J = 8.8 Hz, 2H), 5.16-5.06 (m, 1H), 
5.01 (d, J = 15.6 Hz, 1H), 4.90 (d, J = 10.4 Hz, 1H), 3.34 (d, J = 13.2 Hz, 1H), 3.09 (d, J = 13.2 
Hz, 1H), 2.80 (dd, J = 14.0, 5.6 Hz, 1H), 2.62 (dd, J = 13.6, 7.2 Hz, 1H), 2.35 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ 183.5, 154.9, 146.8, 143.4, 139.9, 131.6, 129.9, 128.4, 125.1, 123.0, 122.5, 
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120.2, 118.8, 62.7, 41.8, 40.5, 16.9. Anal. Calcd for C19H18N2O2: C, 74.49; H, 5.92; N, 9.14; 
Found: C, 74.59; H, 5.81; N, 9.31. 
 
Synthesized by general procedure B from the known imidate 3.64 and 3.62, purified using silica 
gel chromatography (5% ethyl acetate /95% dichloromethane solvent system). 
2-methyl-3-(4-nitrobenzyl)-3-(prop-2-yn-1-yl)-3H-indole (3.104). Brown oil (0.109 g, 32%); 
TLC Rf = 0.44 (10% ethyl acetate/90% dichloromethane); IR (thin film) 3298, 3068, 2120, 1609, 
1528, 1352 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.8 Hz, 2H), 7.40 (d, J = 7.2 Hz, 1H), 
7.39-7.34 (m, 2H), 7.25-7.21 (m, 1H), 6.93 (d, J = 8.4 Hz, 2H), 3.54 (d, J = 13.6 Hz, 1H), 3.16 (d, 
J = 13.2 Hz, 1H), 2.71 (dd, J = 16.8, 2.4 Hz, 2H), 2.62 (dd, J = 16.8, 2.4 Hz, 2H), 2.43 (s, 3H), 
2.12 (t, J = 2.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 128.7, 154.6, 146.9, 143.2, 139.7, 130.0, 
128.8, 125.3, 123.1, 122.7, 120.3, 78.7, 72.2, 60.4, 40.1, 25.8, 17.1. Anal. Calcd for C19H16N2O2: 
C, 74.98; H, 5.30; N, 9.20; Found: C, 74.94; H, 5.00; N, 8.98. 
 
Synthesized by general procedure B from the known imidate 3.105 and 3.62, purified using silica 
gel chromatography (5% ethyl acetate /95% dichloromethane solvent system). 
2-methyl-3-(2-nitrobenzyl)-3-(prop-2-yn-1-yl)-3H-indole (3.109). Brown oil (0.072 g, 32%); 
TLC Rf = 0.34 (10% ethyl acetate/90% dichloromethane); IR (thin film) 3298, 3080, 2120, 1604, 
1519, 1346 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 7.6 Hz, 1H), 7.69 (d, J = 7.6 Hz, 1H), 
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7.61-7.52 (m, 3H), 7.44 (s, 2H), 7.19 (d, J = 7.6 Hz, 1H), 4.30 (d, J = 14.4 Hz, 1H), 3.72 (d, J = 
14.4 Hz, 1H), 2.95 (abq, J = 16.4 Hz, 2H), 2.70 (s, 3H), 2.32 (s, 1H); 13C NMR (100 MHz, CDCl3) 
δ 183.2, 154.5, 149.9, 139.5, 132.2, 131.4, 130.5, 128.6, 127.9, 125.5, 124.7, 122.6, 120.0, 78.6, 
71.8, 60.7, 34.8, 25.9, 16.8. Anal. Calcd for C19H16N2O2: C, 74.98; H, 5.30; N, 9.20; Found: C, 
74.50; H, 5.18; N, 9.18. 
 
Synthesized by general procedure B from the known imidate 3.62 and 3.56, purified using silica 
gel chromatography (20% ethyl acetate /80% hexanes solvent system). 
2-methyl-3-(prop-2-en-1-yl)-3-(prop-2-yn-1-yl)-3H-indole (3.111). Brown oil (0.059 g, 59%); 
TLC Rf = 0.39 (40% ethyl acetate/60% hexanes); IR (thin film) 3306, 3079, 2120, 1689 cm
-1; 1H 
NMR (400 MHz, CDCl3) δ 7.53 (d, J = 7.6 Hz, 1H), 7.40 (d, J = 7.2 Hz, 1H), 7.34 (td, J = 7.6, 1.2 
Hz, 1H), 7.22 (td, J = 7.6, 0.8 Hz, 1H), 5.18-5.08 (m, 1H), 4.99 (d, J = 16.8 Hz, 1H), 4.88 (d, J = 
9.6 Hz, 1H), 2.83 (dd, J = 14.0, 6.0 Hz, 1H), 2.63 (dd, J = 16.8, 2.4 Hz, 1H), 2.55-2.47 (m, 2H), 
2.31 (s, 3H), 1.97 (t, J = 2.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 184.1, 154.7, 140.8, 131.8, 
128.3, 125.2, 122.3, 119.9, 118.6, 78.9, 71.2, 59.6, 38.9, 25.5, 16.6. Anal. Calcd for C15H15N: C, 
86.08; H, 7.22; N, 6.69; Found: C, 85.84; H, 7.06; N, 6.61. 
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Appendix C 
1H and 13C NMR Spectra Supplement to Chapter 3 
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